Sister chromatid exchange induction in mammalian cells by Cavaglia_, A.M.V.
SISTER CHROMATID EXCHANGE INDUCTION IN MAMMALIAN CELLS
Alessandra Maria Vittoria Cavaglia, B.Sc.
A Thesis presented for the Degree of
Doctor of Philosophy
at the University of Edinburgh
1981
In accordance with the regulations of Edinburgh
University, I declare that I have written this thesis













A. Sister chromatid exchange, a brief overview....
B. Spontaneous sister chromatid exchanges
C. Induced SCEs
(i) BUdR induced SCEs
(ii) Ultraviolet light and ionizing radiation
induced SCEs
(iii) Chemical mutagen induced SCEs
D. Formation of SCEs
CHAPTER 2. MATERIALS AND METHODS
A. Cells used in experiments and growth conditions
for the detection of SCE
(i) Human peripheral blood lymphocytes
(ii) Chinese hamster ovary cells (CHO)
B. Harvest procedure
(i) Peripheral blood lymphocytes
(ii) CHO sequential harvests
C. Staining procedure
D. Scoring
E. Handling of hazardous chemicals and mutagen
contaminated cultures
F. Mutagens used in experiments
G. Statistical analysis

























CHAPTER 3. THE EXCHANGE. HYPOTHESIS FOR THE FORMATION
OF CHROMATID ABERRATIONS: THEORETICAL
CONSIDERATIONS AND AN EXPERIMENTAL TEST 22
Introduction 22
Materials and Methods 27
Results 29
Discussion 31
CHAPTER 4. MOLECULAR NATURE OF LESIONS INVOLVED IN
SCE INDUCTION 34
General Introduction to Chapter 4 34
Section 1: SCE induction by combined treatment
with methyl methanesulfonate and X-rays. 38
Introduction 38
Materials and Methods 39
Results 39
Discussion 41
Section 2: SCE induction by ethyl and methyl
methanesulfonate 44
Introduction 44
Materials and Methods 44
Results and Statistical Analysis 46
Preliminary Discussion for EMS and MMS Results 52
Section 3 '• SCE induction by ethyl methanesulfonate
and ethyl nitrosourea 53
Introduction 53
Materials and Methods 53
Results and Statistical Analysis 54
Preliminary Discussion for EMS and ENU Results 57
Section 4: SCE induction by anthramycin and
ethyl methanesulfonate and ethyl
nitrosourea 58
Introduction 58
Materials and Methods 59
Results and Statistical Analysis 60
Preliminary Dicussion for ANT and EMS Results 64
Discussion for ANT and ENU Results, deferred until
Section 5




Results and Statistical Analysis 65
Preliminary Discussion for ANT and ENU Results 71
General Discussion for Chapter 4 72
CHAPTER 5. DOWN'S SYNDROME: EFFECTS OF BLEOMYCIN
AND MITOMYCIN C ON SCE INDUCTION AND
CELL CYCLE KINETICS .75
Introduction 75
Materials and Methods 76
Results and Statistical Analysis of the Data 77
Discussion 82
CHAPTER 6. GAMMA-IRRADIATION OF HUMAN PERIPHERAL
LYMPHOCYTES: EFFECTS OF LOW AND PRO¬
LONGED IRRADIATION ON SCE INDUCTION 85
Introduction 85
Materials and Methods 86
Results 88
Discussion 89
CHAPTER 7. SCE INDUCTION BY HYDRALAZINE 92
Introduction 92
Materials and Methods 93






I would like to thank Professor H. John Evans and
Dr. William Price for supervising the work presented
herein and for their helpful suggestions.
I am particularly indebted to Dr. Paul Perry for his
sustained interest and invaluable help throughout the course
of this work and for his critical reading of this manuscript.
I also wish to thank Drs. B. Beek, D. Bonnet, W. Campbell,
A. Carothers, M. Newton, M. Steel, A. Springbett and P. Williams
for their help.
The assistance given and encouragement proffered by
Mr. C. Duncan are gratefully acknowledged.
-i-
GENERAL AIMS
Nearly seventy years ago Boveri (1914) suggested that
somatic mutation could give rise to malignant tumours. Al¬
though it has been established that carcinogenic potency
does not always correlate with mutagenic potency in mam¬
malian systems (Miller and Miller, 1971), the relationship
between oncogenic and mutagenic properties of a wide spec¬
trum of agents warrants investigation. The effects of
physical and chemical agents which are capable of inducing
mutation and/or transformation in mammalian cells (and
which for the sake of simplicity will be referred to as
mutagens) have been studied at various levels. Mutagens
have been characterized according to their cytotoxic poten¬
tial, their ability to induce mutations, their capacity to
induce transformation, their disruptive effects on cellular
processes (DNA replication, transcription, translation,
enzyme induction, etc.). By far the most studied features
of mutagens are those which deal with the induction and re¬
pair of damage to cellular DNA. All known mutagens (or
their metabolites) have been shown to interact with DNA.
Because of this unifying characteristic a great deal of
work has been invested in establishing techniques which
define and/or detect mutagen-induced damage to DNA.
At the crudest level, one may detect damage inflicted
on cellular DNA by observing breaks of various descriptions
in the chromosome complement. Of course this method of
assaying DNA-insult is limited in that it gives the observer
but a small understanding of the processes which have pre¬
ceded the damage. At the cytological level it is also pos¬
sible to observe symmetrical and complete exchanges between
sister chromatids. Again, these are empirical indices which
do not of themselves further theoretical understanding of
mutagenesis and.carcinogenesis.
At the biochemical level, knowledge of the quality and
quantity of lesions inflicted on DNA by a given mutagen is
useful for assessing the likelihood of mispairing during
replication (which may or may not lead to mutation and in
turn may or may not be connected with the process of trans¬
formation). Data of this sort cannot be considered informa¬
tive -unless they are integrated within the admittedly incom¬
plete extant body of knowledge on DNA structure and DNA
replication.
It therefore becomes apparent that no one approach to
the study of mutagenesis and/or carcinogenesis can claim
supremacy. In fact, each method of investigation relies
on others for corroboration of its conclusions and all
studies are at least tangential to the central dogma of the
unity of living systems. The studies presented in this
thesis concern themselves with the induction of sister
chromatid exchange in two mammalian cell systems. Sister
chromatid exchange (SCE) induction is a useful assay for
the detection of damage inflicted on DNA by certain physical
and chemical agents. Although the mechanism of SCE for¬
mation has not yet been clearly established, this assay can
be used nonetheless to help answer both theoretical and ap¬
plied questions. This study addresses itself to the fol¬
lowing questions:
1. Are sister chromatid exchanges involved in the
formation of chromatid aberrations? According to the ex¬
change hypothesis (Revell, 1954)all chromatid breaks
are the result of incomplete exchange. It seemed important,
therefore, to investigate the coincidence of SCEs and chroma¬
tid aberrations.
2. What kinds of DNA lesions are involved in the for¬
mation of SCE? This question was approached by the use of
agents for which there is some knowledge of the kinds of
DNA lesions they induce. Combinations of agents were used
to examine interactions of mutagens with respect to SCE
induction — blocking, additivity, synergism. The agents
used in this study were X-rays, ethyl and methyl methane-
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sulfonate, ethyl nitrosourea and anthram^cin.
3. Do inherited conditions that are associated with
increased radiosensitivity as measured by induced chromosome
aberration frequency also show an abnormal response to SCE ■
induction? In this study lymphocytes from Down's syndrome
individuals (which have been demonstrated to be hyper¬
sensitive to aberration induction by X-rays) were exposed
to bleomycin, an agent which mimics in many ways the effects
of X-rays on DNA.
4. Can the study of sister chromatid exchange be used
to monitor the exposure of individuals to low levels of
ionizing radiation and to detect individuals at risk of
contracting hydralazine-induced systemic lupus erythematosus?
In one of these studies human lymphocytes were exposed in
vitro to low doses of gamma-radiation. In the other,
lymphocytes from an individual known to be hypersensitive




Sister chromatid exchange (SCE) induction is regarded
as an index of DNA damage. The SCE assay was used in the
following studies on mammalian cells.
1. The association between bleomycin (BLM)-induced chromatid
aberrations and SCE was investigated in order to evaluate
Revell's exchange hypothesis for the formation of chromatid
aberrations. The results of this study indicated that the
exchange hypothesis can account for only some of the aber¬
rations induced by BLM.
2. A study using chemicals which differ in their specificity
for the 0-6 position of guanine indicated that modification
of DNA at this site is certainly not the only lesion in¬
volved in the generation of SCE. This study also included
an analysis of the interactions of mutagens (blocking, ad-
ditivity, synergism) with respect to SCE induction. The
results are discussed in relation to DNA repair mechanisms.
3. SCE induction by a radio-mimetic agent, BLM, was in¬
vestigated in lymphocytes of Down's syndrome (DS) individuals.
DS lymphocytes show an enhanced response to chromosome damage
by X-rays but do not differ from controls in their response
to SCE induction by BLM.
4. In contrast to a suggestion in a recent report, the re¬
sults obtained from an in vitro irradiation experiment in¬
dicated that SCE cannot be used to monitor exposure of
individuals to chronic low levels of ionizing radiation.
5. It is possible that hypersensitivity to SCE induction by hydralazine
(HYD) might be used to identify individuals with HYD sensitivity How¬
ever, this suggestion must be regarded with caution since inter-individual















FPG Fluorescence plus Giemsa
G1 Pre-synthetic (DNA) phase
G2 Post-synthetic (DNA) phase
GO Non-cycling (unstimulated) phase of lymphocytes
HYD Hydralazine
M1 First division metaphase
M2 Second division metaphase







S DNA synthesis phase
SCE Sister chromatid exchange





A. Sister chromatid exchange, a brief overview
In 1957 Taylor, Woods and Hughes described semi-
conservative DNA segregation in Vicia faba cells which had
been allowed to replicate once in the presence of tritiated
thymidine (TdR) and then again in cold TdR. Autoradio¬
graphy of first post-labelling metaphase cells (M1 ) showed
that both chromatids of each chromosome were equally label¬
led whereas in second division cells (M2) each chromosome
showed one labelled and one unlabelled chromatid. These
authors observed occasional label switches between sister
chromatids at M2 and called these symmetrical switches
"sister chromatid exchanges" (SCEs). In 1958, again using
autoradiography, Taylor described semi-copservative DNA
segregation in root tips of Bellavalia romana. He remarked
that both subunits (DNA strands) of the chromatid DNA must
be involved in an SCE since he had not observed heterolabel-
ling (the appearance of unlabelled stretches in one of the
chromatids of M1 chromosomes) which would arise from an ex¬
change involving only one of the two subunits of DNA from
each chromatid. Using the BUdR-incorporation technique for
detecting SCEs (this technique will be discussed later),
Wolff and Perry (1975) and Kihlman and Kronborg (1975) also
failed to detect heterolabelling and reached the same con¬
clusion as Taylor.
One important section of Taylor's study (1958) pro¬
vided evidence for polarity-restricted rejoining of sister
chromatid subunits. Taylor argued that tetraploid cells
should exhibit a twin to single SCE ratio of 1:2 if re¬
joining was restricted by polarity and of less than 1:10
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if unrestricted rejoining occurred. Twin SCEs are the
result of exchanges which occur in the first cycle and
are duplicated ir the second cycle thereby appearing in
both chromosomes of tetraploid cells (Figure 1.1). Single
SCEs are SCEs that occur in the second cycle and therefore
appear in only one chromosome of tetraploid cells. The
results obtained by Taylor accorded with the hypothesis
that polarity-restricted rejoining occurs during SCE
(Taylor observed 81 twins and 30 singles). His findings
were later confirmed by Wolff and Perry (1975) who ana¬
lysed tetraploid Chinese hamster ovary cells and found a
twin to single ratio of 1 to 2.57. These authors also
analysed endoreduplicated cells and found a twin to single
ratio of 1 to 2.8. Brewen and Peacock (1969a) provided
evidence for polarity restricted rejoining in an autoradio¬
graphic study of dicentrics. Their method did not involve
the identification of twins and singles and therefore con¬
stituted an independent evaluation of the restrictions
imposed on rejoining processes. These authors analysed
"mirror image" dicentrics which arose from the proximal
union of isochromatid breakage induced in unifilarly tritiated
TdR-substituted chromatids. Brewen and Peacock argued
that two types of mirror image dicentrics could be produced:
Type-A dicentrics. Polarity restricted labelled-to-
labelled and unlabelled-to-unlabelled rejoining
would generate a dicentric with one completely
labelled chromatid between the centromeres (Fig.1.2A).
Type-B dicentrics. Non-restricted rejoining (labelled-
to unlabelled association of the subunits) would
yield a dicentric with a label switch at the mid¬
point position between the centromeres (Fig.1.2B).
Equally probable with non-restricted rejoining, is
a mirror image dicentric with one completely labelled
chromatid between the centromeres (this dicentric is
like a type-A dicentric).
Brewen and Peacock analysed 137 mirror image dicentrics
and found 104 of type-A and 6 of type-B. The remaining











Figure 1.2. Type-A and Type-B Mirror Image Dicentrics.
Type-A dicentrics arise from polarity-restricted
rejoining, Type-B dicentrics arise from unrestricted
rejoining. For a complete description, see the text,
p. 2. Dotted lines and solid chromosome regions in¬
dicate the presence of tritiated thymidine.
Figure re-drawn from Brewen and Peacock (1969a).
region (label exchange in these dicentrics had presumably occurred
before or after the formation of the dicentric). Brewen and
Peacock concluded that label exchange involves polarity-restricted
rejoining and were able to account for the 6 type-B di¬
centrics by a calculation based on observed exchange fre¬
quency per micron of chromosome length and autoradio¬
graphic resolution.
Early experiments investigating spontaneous and in¬
duced SCEs were hampered by the poor resolution afforded
by the autoradiographic technique. One notable point of
contention was that of isolabelling. Isolabelling consists
of an autoradiographic image over homologous regions of
sister chromatids in M2 chromosomes where only one chroma¬
tid should be labelled at any one locus after incorporation of
PH.] TdR in the first cell cycle. The notion that isolabel¬
ling was caused by anything other than the inability to
resolve very closely adjacent SCEs was dispelled by a study
of autoradiographic image spread (Gibson and Prescott, 1973)
in which the track length of beta-particles was measured and
found to be approximately 1 micron. Most isolabelled re¬
gions measured by Gibson and Prescott were between 1 and 2
micron in length (the estimated image overlap for a single
SCE). Isolabelled regions larger than 2 microns in length
were few and could be accounted for by multiple SCEs in
these regions. Isolabelling has not been observed since
the development of more sophisticated methods for sister
chromatid differentiation (Wolff and Perry, 1974, Korenberg
and Freedlender, 1974).
The development of high resolution sister chromatid
differentiation techniques began with the observation that
treatment with the thymidine analogue 5-bromodeoxyuridine
(BUdR) caused reduced staining intensity of the late-rep-
licating X chromosome of embryonic rat cells (Huang, 1967).
A battery of techniques with increasing resolution capacity
were developed on the assumption that BUdR caused despiral-
ization of DNA strands into which it had been incorporated
(Zakharov andEgolina, 1972, 1974, Latt, 1973). latt (1973)
described a difference in staining intensity between uni-
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and bifilarly substituted chromatids stained with the
fluorochrome Hoechst 33258. This discovery led to the
publication of no fewer than three independently devel¬
oped techniques for permanent "harlequin" staining
(Perry and Wolff, 1974, Korenberg and Freedlender, 1974,
Kim, 1974). The most widely adopted method for producing
differentially stained sister chromatids, the fluorescence
plus Giemsa (FPG) method, was developed by Perry and Wolff
(1974) who used visible light to quench the fluorescence
of the Hoechst 33258 with which they had treated their
slides. Light treatment of the slides was followed by hot
salt treatment and finally by Giemsa staining. This pro¬
cedure produces permanent preparations which do not require
immediate analysis under a UV microscope as did those of
Latt (1973) because of rapid fading of fluorescent prep¬
arations. Examples of "harlequin" stained chromosomes are
presented in Figures 1.3- to 1.5. and a schematic descrip¬
tion of SCE detection by the BUdR-incorporation method is
included in Figure 1.1.
B. Spontaneous sister chromatid exchanges
Both tritiated thymidine (Gibson and Prescott, 1972)
and BUdR (Kato,1974a, Tice et al., 1976, Wolff and Perry,
1974) can induce SCEs. Consequently the question of
whether SCE is ever a spontaneous event has been raised.
This, however, is a rhetorical question since, in the
absence of known and experimentally controlled mutagens,
cellular metabolites are quite likely to induce SCEs (re¬
mark made by Professor Evans in the course of discussing
this point).
Circumstantial evidence exists for the occurrence of
SCE in the absence of known mutagens. If an exchange oc¬
curs between the sister chromatids of a ring chromosome,
the chromatids fail to separate at anaphase and a double-
sized ring can be observed in the succeeding metaphase.
Double-sized rings have been observed in mitotic maize cells
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Figure 1.3. Harlequin Stained Metaphase Chromosomes.
Sister chromatid differentiation has been achieved
by a modification of the fluorescence plus Giemsa
method in this second division lymphocyte from a
normal male.
Figure 1.4. SCEs in a Human Lymphocyte Exposed to Mitomycin C
Lymphocytes from Control 2 (Chapter 5) were exposed to
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1 x 10 M mitomycin C for 72 hours.
Figure 1.5. Ethyl Methanesulfonate Induced SCEs.
Chinese hamster ovary cells were exposed for 24 hours
-4
to 5 x 10 M ethyl methanesulfonate. This second
division metaphase shows differentially stained
chromosomes with 32 SCEs.
in the absence of mutagen (McClintock , 1938). In meiotic
maize cells, Scwhartz (1953) analysed anaphase configurations
resulting from crossing over between a large dicentric ring
and its homologous rod chromosome. Schwartz reported a
large discrepancy between the observed and expected ana¬
phase configurations and concluded that this discrepancy
could be accounted for by sister chromatid crossing over.
Brewen and Peacock (1969b) studied the behaviour of a ring
chromosome in successive anaphases of human peripheral
blood lymphocytes. Prom their study these authors con¬
cluded that although tritiated thymidine increased the
frequency of dicentric ring formation, the induced SCE
frequency was tritium dose independent because comparable
levels of dicentric rings were induced in the first and
second cycle (the amount of tritium in the second cycle
is half of that of the first cycle). From these findings
they concluded that a certain proportion of SCEs were
spontaneous events.
The now well-established notion that a certain pro¬
portion of SCEs reflect spontaneous sister chromatid ex¬
change processes does not however explain inter- and
intraspecific differences in base-line SCE frequencies.
Base-line SCE frequencies vary from less than one SCE per
cell in Drosophila (Gatti et al., 1979) to nearly one hun¬
dred SCEs per cell (Lymphocyte^ of individuals with Bloom's
syndrome (Chaganti et al., 1974). Of course, these are ex¬
treme cases and most base-line SCE frequencies cluster
around ten SCEs per cell. Kato (1977a) studied base-line
SCE frequencies in primary lung cultures of 23 species of
mammals and found a positive correlation between genome size
and SCE frequency. Therefore, interspecific variability
of base-line SCE frequencies can be partly accounted for
by differences in DNA content and chromosome length between
species (Drosophila has only l/20th the amount of DNA in a
mammalian cell, Wolff, 1977). Observed intraspecific dif¬
ferences in SCE frequencies in man cannot be attributed to
interindividual differences with respect to age, sex (Galloway
and Evans, 1975) and karyotypic abnormalities (Stoll et al.,
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1977, Lezana et al., 1977) and are therefore thought to
reflect more subtle interindividual differences which at
present are undefined. It must be pointed out that it is
often difficult to draw comparisons between base-line SCE
frequencies obtained by different laboratories because of
variation in the protocols used. BUdR concentrations, for
example, vary widely between research groups (Kato, 1977a).
In man, SCE distribution within the chromosome com¬
plement appears to be related to the lengths of the chromo¬
somes in which the SCEs occur. However, several authors
(Galloway and Evans, 1975, Latt, 1974a, Chaganti et al.,
1974) have reported an under-representation of SCEs in
the small chromosomes of the human karyotype (E, F and G
groups). On the other hand, the longest chromosome of
Chinese hamster ovary cells usually bears more SCEs than
expected if SCE distribution in the chromosome complement
varies with length alone (ikushima and Wolff, 1974).
Differences in SCE frequency between centromeric,
heterochromatic and euchromatic regions have been reported
but the findings are conflicting. For instance, Galloway
and Evans (1975) reported an excess of exchanges in the
mid-arm regions of human chromosomes whereas Tice et al.
(1975) reported the opposite. Increased incidence of SCEs
has been observed in heterochromatic regions of meadow
vole chromosomes (Natarajan and Klasterska", 1975). How¬
ever, decreased frequency of SCE in heterochromatic regions
has been observed in montane vole chromosomes (Hsu and
Pathak, 1976). Carrano and Wolff (1975) reported that,
in Indian muntjac chromosomes, SCEs expected to be in the
C band regions occurred almost exclusively at the junctions
between C and non-C blocks. Bostock and Christie (1976)
reported the same for kangaroo rat. Finally, neither
over- nor under-representation of SCEs was observed in the
heterochromatic long arms of the X chromosome of Chinese
hamster (Kato, 1974d). While it should be recognized that
these studies were performed on different organisms, it
should be conceded that the picture is too confused for
one to be able to make a general statement with respect to
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the distribution of base-line SCEs within a chromosome
complement.
C. Induced SCEs
(i) BUdR induced SCEs
Although the thymidine analogue BUdR is used to de¬
tect the induction of SCEs, there is evidence that the
analogue itself induces SCEs. The study of BUdR capacity
to induce SCEs is therefore of crucial importance. BUdR
induction of chromosomal aberrations is a well-established
phenomenon (Hsu and Somers, 1961, Dewey and Humphrey, 1965,
Huang, 1967). As soon as BUdR-labelling techniques for
sister chromatid differentiation got underway, the effects
of BUdR concentration on SCE induction were investigated.
Wolff and Perry (1974), Latt (1974b) and Kato (1974a) pub¬
lished results which clearly demonstrated that SCE frequen¬
cies rise with increasing BUdR concentration but plateau at
fairly low concentrations of the analogue. There is now
good evidence in support of the notion that base-line SCEs
are dependent on the amount of BUdR available per cell and
not to the amount of BUdR incorporated into cellular DNA
Davidson et al., 1980, Stetka and Carrano, 1977). Therefore
BUdR concentrations are best kept fairly low (but of course
high enough to achieve good differential staining) and at
the same time within the plateau range. The analogue con¬
centrations used in this study were selected to meet both
these citeria.
An indirect consequence of BUdR substitution on in¬
creasing SCE levels is that of radiosensitization. Radio-
sensitizing properties of this thymidine analogue were in¬
vestigated long before its properties as a sister chromatid
differentiating agent were known (Djordjevic and Szybalski,
1960). Incorporation of BUdR into DNA was observed to
result in decreased cell survival following irradiation
with X-rays (Djordjevic and Szybalski, 1960). BUdR-substi-
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tuted DNA exhibits increased sensitivity to break induction
by X-rsys (Somers and Humphrey, 1963), gamma rays (Dewey and
Humphrey, 1965), UV light (Erikson and Szybalski, 1961 and
1963) and visible light (Ben-Hur and Elkind, 1972). Later
these properties were used to investigate mechanisms of
chromosome breakage (Bender et al., 1973b, 1974, Natarajan
et al., 1980b). Grain count measurements of the degree of
BUdR incorporation into DNA indicate that sensitization to
gamma irradiation does not occur until at least 25$ sub¬
stitution has been achieved (Dewey and Humphrey, 1965).
Recently Wolff and Fijtman (1981) performed a study of
DNA X-ray sensitization by BUdR. They concluded that the
degree of substitution is a critical factor in determining
sensitivity to X-ray induced breakage. Wolff and Fijtman
found that when over 60$ of the DNA is substituted three
times as many breaks are produced in BUdR-containing DNA
as in native DNA. It now seems quite likely that BUdR
sensitization of DNA is responsible for at least some of
the increase in the incidence of SCE following exposure to
ionizing radiation (see Chapter 6 for a more comprehensive
discussion), UV (Kihlman et al., 1977) and visible light
(Kato, 1977b and 1974b).
(ii) Ultraviolet light and ionizing radiation-induced SCEs
If cells are irradiated with UV and then allowed to
replicate twice in the presence of BUdR, a UV dose depen¬
dent increase in the frequency of sister chromatid exchange
can be observed in second division cells (Kato, 1973, Wolff
et al., 1974). In this case, UV-induced SCEs are indepen¬
dent of BUdR radiosensitizing effects since cells are ir¬
radiated prior to incorporation of the analogue. The in¬
duction of SCEs by UV is an S-dependent process: that is
cells must undergo DNA replication before exchanges can be
detected (Kato, 1973, Wolff et al., 1974). Capacity to
excise UV induced dimers does not appear to be directly
correlated with SCE frequency. Although UV irradiation of
xeroderma pigmentosum cells (which have an inefficient UV-
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endonuclease, Mortelraans et al., 1976) induces more SCEs
than in similarly irradiated control cells, it is not
clear that the increase in SCE can "be closely correlated
with the degree of excision repair in xeroderma cells
(de Weerd-Kastelein et al., 1977, Wolff et al., 1977, Cheng
et al., 1978). Wolff et al. (1974) also reported no cor¬
relation between the degree of dimer excision repair ca¬
pacity of rodent cell lines and the frequency of UV in¬
duced SCEs. A dose of UV which induces approximately
20,000 dimers induces only one SCE (Reynolds et al., 1979).
Consequently one can appreciate that the dimer excision
repair system is not likely to be the key repair system
contributing to our understanding of the process of SCE
induction. The SCE-initiating lesions induced by UV light
still remain uncharacterized.
Ionizing radiation-induced SCEs are few, if there are
any. This may not be surprising since ionizing radiation
induced base damage is repaired by short-patch repair in¬
volving only 3-4 nucleotides (Regan and Setlow, 1974).
An entire chapter of this thesis addresses itself to the
question of SCE induction by ionizing radiation. In order
to avoid repetition the reader is referred to Chapter 6.
(iii) Chemical mutagen induced SCEs
A bewildering variety of chemicals induce SCEs. It
is not within the scope of this study to present a comp¬
rehensive review of the effects of the myriad chemicals which
induce SCEs. The reader is referred to a recent review
written by Perry (1980) in which some one hundred of these
chemicals are itemized. Briefly, compounds which induce
SCEs can be divided into two main categories: direct-acting
compounds and indirect-acting compounds. Direct acting
mutagens, notably alkylating agents (e.g. EMS, MMS, MMC)1
possess functional groups which are capable of acting im-
1. See Abbreviations List
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mediately on DNA. It has been inferred that some of the
DNA lesions tbey produce are responsible for initiating
SCE. Some direct-acting mutagens are also crosslinkirg
agents (MMC, 8-methoxypsoralen plus near UV light, nitrogen
\ ^
mustard, Myleran).
Indirect-acting agents acquire ENA-attacking fun¬
ctional groups only after metabolic activation. Poly-
cyclic aromatic 'hydrocarbons and aromatic amines are in¬
cluded in this category and are important groups of mutagens.
Indirect-acting mutagen SCE induction is rather more dif¬
ficult to achieve than SCE induction by direct-acting
mutagens. While the latter can be achieved in any cell
test system, the former requires that cells be capable of
metabolizing the promutagen to its DNA-damaging derivative(s).
Most fibroblast cell lines lack this capacity. The problem
may be circumvented by using cells which have retained
their ability to activate promutagens (e.g. lymphocytes,
primary fetal cells, RL cells described by Meyer and Dean,
1981). Alternatively, in vitro activation may be achieved
by using S9 mix, an S9 microsomal fraction first described
by Garner (1973) and an NADPH generating system (Stetka and
Wolff, 1976, Natarajan et al., 1976) to metabolize extra-
cellularly the promutagen to its active form. Cells that
would otherwise not exhibit an increase in SCE frequency
after treatment with indirect-acting agents (e.g. Chinese
hamster ovary cells) exhibit increases in SCE frequency
if incubated in the presence of the promutagen and S9 mix
(Takehisa and Wolff, 1977, Stetka and Wolff, 1976b). How¬
ever, because the microsomal mixed function oxidase system
can be primarily regarded as a metabolizing and detoxifying
system (De Flora, 1978), it is not surprising that S9 mix also
has the ability to deactivate certain mutagens. This can
be inferred from the findings of Wolff and Takehisa (1977).
These authors were unable to induce SCEs in Chinese hamster
cells following treatment with aminofluorene and acetyl-
aminofluorene in the presence of S9 mix but obtained large
increases in the SCE frequencies of Chinese hamster cells
exposed to the active derivatives of these compounds in the
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absence of S9 mix.
Finally, both indirect and direct-acting mutagens have
been demonstrated to induce SCEs in vivo: in experimental
animals (Allen and Latt, 1976a, Alien et al., 1977, Bayer
and Bauknecht, 1977, Vogel and Bauknecht , 1976, Schreck
et al., 1979) and in humans treated with cytostatic drugs
(Perry and Evans, 1975, Nevstad, 1978, Baposa, 1978). It
is interesting and important to note that DNA replication
after damage (be it by direct- or indirect-acting mutagens)
is required for the expression of SCEs at the ensuing
metaphase.
D. Formation of SCEs
It should be by now apparent that, given the hetero¬
geneity of SCE inducing agents, drawing up a general model
for the process of SCE formation is a difficult task. To
date, the events which cause initiation and manifestation
of SCEs have not been unequivocally described. However,
several models have been advanced to account for the for¬
mation of SCEs. These models must take into account the
forementioned observations that:
1. SCE is a polarity-restricted double strand exchange
event
2. that X-rays are inefficient at inducing SCE
3. that UV and most chemical mutagens in their active
forms induce SCEs
4. that post-damage DNA replication is required for
the expression of SCEs
5. that a wide variety of DNA lesions are produced by
SCE-inducing agents.
The replication bypass model for SCE proposed by Shafer (1977)
invokes a mechanism whereby DNA crosslinks are bypassed with¬
out being repaired and persist despite SCE formation. Severe
critcism of this model has been advanced by Stetka (1979)
who pointed out that Shafer's model is inadequate because,
among other things, it cannot account for the efficient
induction of SCEs by non-crosslinking agents.
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Recombinational repair models based on Whitehouse
(1963) and Holliday (1964) have been proposed to account
for the generation of SCEs (Figure 1.6). In bacteria,
repair of lesions during the post-replication or S-phase
follows the formation of gaps remaining in the daughter
DNA strand opposite the original lesions in the parental
strand. These are later filled in by recombinational re¬
pair with the complementary parental DNA strand (Rupp et
al., 1971). However, Lehmann (1972) has questioned the
existence of such a process in mammalian cells because his
data suggest that gap-filling occurs by de_ novo synthesis in
mammalian cells and not by a recombinational repair process.
Hybrid DNA (expected to be formed by recombinational repair)
has been detected in Chinese hamster ovary cells (Rommelaere
and Miller-Faurks, 1975, Higgins et al., 1976, Moore and
Holliday, 1976). Moore and Holliday pointed out that the
amount of hybrid DNA found in their experiment was 17 to
25 times in excess of the amount of hybrid DNA which might
be necessary for the formation of SCEs. Therefore, they
could not rule out that hybrid DNA in their experiment had
been formed by some other mechanism as well as by recom¬
binational repair. Loveday and Latt (1978) presented evi¬
dence against Moore and Holliday's proposal that isolation
of hybrid DNA in Chinese hamster cells could be taken as an
indication that SCE arises via recombinational repair.
Loveday and Latt isolated a small amount of unusually dense
double stranded DNA from Chinese hamster ovary cells grown
in BUdR. The amount of this DNA was found to be 100 times
in excess of that expected based on the SCE frequency of
these cells. The amount of dense double stranded DNA could
neither be decreased by growing cells for one more cell
cycle in the presence of thymidine nor increased by treat¬
ment with mitomycin C. Furthermore, dense double
stranded DNA was isolated whether or not BUdR had been
incorporated into DNA. Loveday and Latt concluded that
the DNA they had isolated and which had previously been
interpreted as being bifilarly substituted with BUdR (by
Moore and Holliday, 1976, and Rommelaere and Miller-Faures
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1976) could not be presented as evidence for the recom-
binaticnal repair model for SCE but rather that it might
merely be Chinese hamster ovary cell satellite DNA.
Several studies have provided evidence for the intimate
association between SCE formation and DNA replication.
Exposure to 8-methoxypsoralen plus near UV induces SCEs
which are restricted to those regions which are unreplicated
or are in the process of replicating at the time of ex¬
posure to these agents (Latt and Loveday, 1978). Further
evidence for the association of SCE formation and repli¬
cation was presented by Kato (1980) who artificially mani¬
pulated the S phase length and the number of replication
forks with FUdR. Kato's findings corroborate the notion
that SCE is rendered more likely by the presence of large
numbers of replication forks (Kato had also advanced this
idea in two of his earlier papers, 1977b,c). Painter (1980)
suggested that in addition to being replication fork res¬
tricted, the process of SCE is restricted to the junctions
between replicon clusters. Painter argued that
damage to DNA that involves slowing or stopping of
growing points disrupts the timing of the program
for replication of contiguous clusters so that the
DNA in junctions remains unreplicated for long
times. This increases the probability of double
strand breaks after one cluster has finished rep¬
lication. If this happens, both a daughter and a
parental strand of each polarity will be available
for ligation with the DNA of the unreplicated ad¬
jacent cluster, and there would be a finite prob¬
ability that the daughter strands, rather than the
parental ones will join with the unreplicated
strands. When the replication of the other clusters
finishes, the normal ligation process at the junc¬
tion will be complete. This exchange requires only
one double strand break in the parental strands,
which is consistent with data showing that the pro¬
duction of SCEs is a linear function of dose
(Carrano et al., 1978, Perry and Evans, 1975).
That is SCE results from a single hit even though
two double stranded molecules participate in each
exchange. Agents that block chain elongation will
often cause DNA in clusters to remain partly rep¬
licated for long times. Agents like X-rays, which




The attractive feature of this model is that not all rep¬
lication forks which encounter a lesion are subject to SCE
events: only junctions between replicated and unreplicated
clusters of ^plicons are areas in :which SCE is likely to
occur (and therefore are a subset of the set of all rep¬
lication forks). The number of potential SCEs per genome
therefore decreases to a more conceptually manageable level.
In 1980 Ishii and Bender (independently from Painter)
propounded a "replication detour" model for SCE. Their
model is similar to Painter's model in that it does not
involve branch migration nor recombinational repair (see
Figure 1.6). These authors suggest that a gyrase-like
enzyme or unwinding protein might be responsible for the
generation of SCEs. Ishii and Bender, unlike Painter, put
no restriction on the type of replication fork subject to
SCE. Figure 1.6 shows some of the main models for SCE.
In conclusion, SCE is induced by a wide variety of
agents which modify DNA in very different ways. Although
the mechanism of SCE has not yet been established, it is
clear that SCE is, among other things, an S-dependent pro¬
cess in which double strand polarity-restricted exchange
occurs between sister chromatids.
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Figure 1.6A. Models for SCE Formation (From Ishii and Bender)
A. Replication detour model of Ishii and Bender (1980)
B. Post-replication repair by gap-filling
C. and D. Recombinational repair
E. and F. Replicative bypass repair through branch
migration.
Solid lines indicate non-substituted DNA, broken and
dotted lines indicate BUdR-substituted DNA, semi¬
circles indicate damage and triangles indicate nicks.
Figure 1.6B. Painter's Model for SCE (1980).
Double-strand recombination at replicon cluster junctions.
The exchange is between the newly formed strands of the
replicated cluster and the unreplicated cluster's parental
strands. (After Painter, 1980)
CHAPTER 2
MATERIALS AND METHODS
A. Cells used in experiments and growth conditions for the
detection of SCE
(i) Human peripheral blood lymphocytes
Heparinized venous samples were drawn from donors im¬
mediately prior to the onset of the experiment. Occasionally
it was necessary to delay setting up the experiment. In
such rare instances the samples were stored at 4*C for no
longer than 14 hours before stimulation with phytohemag-
glutinin (PHA).
Whole blood (0.8 ml) was added to 9.2 ml of RPMI 1640
medium supplemented with 15$ fetal calf serum, 1$ recon¬
stituted PHA (Wellcome HA15) and 2.5 x 10-5M BUdR (final
concentration). The cells were grown at 37*C in black
boxes to avoid photolysis of the BUdR-substituted DNA
(Ikushima and Wolff, 1974).
(ii) Chinese hamster ovary cells (CHO)
CHO cells were maintained by 2-3 passages per week.
The fibroblasts were grown in a 5$ C02 incubator at 37*C.
Every 3-9 months the old stocks were replaced by CHO cells
recovered from liquid nitrogen.
CHO fibroblasts were cultured in HEPES-buffered j
McCoy's 5A medium supplemented with 15$ fetal calf serum.
-5A final concentration of 1 x 10 M BUdR was added to the
experimental cultures. CHO cells were grown in 25 or
75 cm2 Falcon flasks. Care was taken to ensure that cul¬
tures would be near-confluent by harvest time in order to
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maximize the yield of mitotic cells. The CHO cells used
(derived from the parental CHO line initiated by Puck in
1957, J. Exp. Cell Med. 108: 945, 1958) have a stable
karyotype of 20-21 chromosomes. In the culture conditions
employed the cells remained diploid and the cell cycle was
approximately 11-12 hours.
B. Harvest procedures
(i) Peripheral blood lymphocytes
n
Colchicine(5x 10 M final concentration) was added for
the last 2-g- hours of culture. At 72 hours the cells were
spun down and treated at room temperature with 0.075 M KC1
for 8 minutes, spun down again and fixed with three washes
of glacial acetic acid-methanol (1:3). The slides were air
dried and allowed to age for 3 days before staining was car¬
ried out.
(ii) CHO sequential harvests
Colcemid (2 x 10 M final concentration) was added 22
hours after the addition of BUdR. At 24 hours the mitotic
cells were collected by shake-off, spun down and treated at
room temperature with 0.075 M KC1 for 3 minutes, spun down
again and fixed once in glacial acetic acid-methanol (1:3).
Fresh medium (pre-warmed) containing BUdR and colcemid was
added to the cultures and these were re-incubated until the
second harvest (26 hours) at which time the above procedure
was repeated. The third harvest was done at 28 hours. Slides
were air dried or flamed and stained immediately or on the
following day.
C. Staining procedure
A modification of the fluorescence plus Giemsa tech¬
nique of Perry and Wolff (1974) was used to obtain G-iemsa-
stained "harlequin" chromosomes. This modified procedure
is outlined on the following page.
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Time Slide Treatment Notes
1 5 min Hoechst 33258, 0.5 x 10 ^g/ml double
distilled water v
Rinse in deionized water
Mount in double distilled water
40-60 min UV exposure in a UV-box illuminated by
Philips TL20W/80 F20T12BLB tubes
Remove coverslips
20 min SSC at 60*C (SSC consists of 1 .753 g of
sodium chloride and 0.882 g of trisodium
citrate dissolved in 1 1 of double distil¬
led water).
Rinse in deionized water





1. For CHO slides optimal staining was obtained by using a
15 minute treatment in 5 x 10 ^ g/ml Hoechst 33258.
2. pH 6.8 Gurr's phosphate buffer may be used instead of
double distilled water.
3. UV exposure time is critical. Optimal staining is
achieved by exposure to UV light for a period of time
which in practice varies from one occasion to the next.
It is best to try first a test series with varying UV
exposure times and then select the best one tc use for
staining the rest of the slides.
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D. Scoring
All slides were coded and randomized in order to mini¬
mize observer bias. Twenty metaphases were scored from each
culture. Occasionally, because of gross delay in division,
it was not possible to score as many as twenty celi, this is
footnoted in the tables of results. When sequential harvests
were performed only one harvest was picked for scoring.
Only complete (46 chromosome) lymphocyte metaphases were
scored. CHO metaphases with 20 or 21 chromosomes were
scored.
E. Handling of hazardous chemicals and mutagen contaminated
cultures
Any substance which is potentially dangerous must be
treated with as much caution as a known mutagen and/or
carcinogen. For the sake of simplicity such substances will
be referred to as "mutagens".
All manipulations involving mutagens were carried out
in a Microflow vertical laminar flow safety cabinet except
in cases where it was necessary to use the 37"C hot-room in
order to avoid cell cycle delay caused by lengthy washing
out procedures (Chapter 3).
Mutagens were weighed out to the nearest 100th of a
mg on an Oertling R52 balance. All mutagens that were sol¬
uble in water were dissolved in sterile distilled water
just before use. Those chemicals which were insoluble in
aqueous solutions were dissolved in dimethylsulfoxide (DMSO,
Koch-Light). Final concentrations of the mutagens were ad¬
ded to the cultures with a Gilson P200 automatic pipette
(0.25"1° instrument accuracy). DMSO concentration in the cul¬
ture medium did not exceed 0.5^ (except in one experiment,
Chapter 4.4).
When it was necessary to remove the mutagen from the
cultures, the cells were washed 3 times with 10 ml phosphate
buffered saline containing BUdR. This procedure was carried































































Statistical analysis of the data was performed using
analyses suggested by Drs. Andrew Carothers and Anthea
Springbett, statisticians at the MRC Clinical and Popu¬
lation Cytogenetics Unit, Edinburgh; these are detailed
with the relevant experiments.
H. Special procedure (for Chapter 4.1): CHO synchro¬
nization following an adaptation of the method
described by Petersen et al. (1968).
(i) Preparations for the procedure
During the week prior to the procedure cell-free
"conditioned medium" (CM) was collected from stock cul¬
tures of CHO cells. After culturing CHO cells for ap¬
proximately 24 hours the medium in which they were grown
can be recovered and used again. This medium, CM, is
recommended for mitotic shake off procedures. CM was
stored at 4*C for no longer than 1 week and was warmed
to 37*C prior to use.
(ii) Pre-mitotic cell collection procedure
The following steps were performed in order to eliminate
any dead cells and cellular debris from the monolayer.
I. The near-confluent culture flasks were gently agitated
2. The medium was discarded and replaced by warm CM
3. The flasks were incubated for 15 minutes
4. Steps 1-3 were repeated and immediately followed by the
first step of the mitotic shake off for collection procedure.
(iii) Mitotic shake off for collection procedure
1. The culture flasks were rocked gently but quickly
2. The medium from the flasks was decanted into centrifuge
tubes (cold)
3. and replaced by warm CM
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4. The cultures were incubated for 15 min at 37*0
5. The mitotic cells from the shake off were spun, down at 4"C
6. The supernatant was poured off and discarded
7. The mitotic cells were resuspended in a small volume of
cold medium
8. The shake off yield was counted with a hemocytometer
9. A slide was prepared from the shake off products to
determine the mitotic index
10. The foregoing steps were repeated every 15 minutes until
the desired number of cells had been collected.
Approximately 6 x 10^ cells were collected per 75 cm2
flask per shake off. Mitotic indices from all shake offs
exceeded 90$. The entire procedure was performed in sub¬
dued light conditions because 2/3 of the cultures had al¬




THE EXCHANGE HYPOTHESIS FOR THE FORMATION OF CHROMATID
ABERRATIONS: THEORETICAL CONSIDERATIONS
AND AN EXPERIMENTAL TEST
Introduction
Most conventional accounts of the induction of
chromatid aberrations (particularly by X-rays ) include
the two chief hypotheses proposed for the formation of
chromatid aberrations: the breakage-first hypothesis
and the exchange hypothesis. Seldom is an evaluation of
these hypotheses given on the basis of experimental evi¬
dence accumulated since they were advanced. The latter
statement is not meant as a criticism of those who have
written about these hypotheses. Indeed it is a brave
person who attempts to extricate a general story from
the myriad of seemingly disparate results obtained on the
subject. The proponent of the exchange hypothesis, Revell,
wrote rather dejectedly in 1974:
I am aware that many have despaired of under¬
standing the problem and are leaving the few
protagonists to settle its esotericisms among
themselves, in the hope that these few will
hand out an agreed doctrine which is comp¬
rehensible to all. This is not a healthy
state for any branch of research to be in.
The present account of the theories on the formation of
chromatid aberrations in no way professes to be a complete
one. The mechanism(s) proposed so far for the formation
of chromatid aberrations will be discussed in as much as
they are pertinent to the theme of this thesis, sister
chromatid exchange.
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At this point a review of the breakage-first and the
exchange hypothesis is in order. Since these hypotheses were
originally proposed to account for the existence of chromatid
aberrations in cells subjected to_radiation, the discussion
will initially centre around radiation-induced damage.
The breakage-first hypothesis, though originally sug¬
gested by Stadler in 1932, was developed and formalized by
Sax in 1938. The breakage-first hypothesis regards observed
metaphase breaks as the result of single-hit events which
sever DNA stands. The broken DNA ends may rejoin normally,
may become involved in an exchange or remain unrepaired.
Radiation is viewed essentially as a breaking agent and
the cell is left with the task of dealing with the damage.
Exchanges therefore arise as a consequence of reunion of
DNA strands after breakage.
In the exchange hypothesis however, radiation is not
viewed as the primary breaking agent. In 1954 Revell ad¬
vanced the theory that radiation initiates an exchange
event in the necks of loops of chromosomal DNA. This ex¬
change, if incomplete, gives rise to chromatid breaks
The exchange hypothesis therefore regards a faulty process
of exchange as the primary cause of breakage.
If it could be shown that all chromatid changes
observed at metaphase arise as the exchange
theory proposes, we would be left with no mitotic
evidence that radiation has caused chromatid
breaks anywhere except where it has also caused
chromatid rearrangement.
(Revell, 1974, p. 389)
Figure 3*1 illustrates the formation of chromatid aber¬
rations according to Revell's hypothesis.
At first sight it might seem possible to design ex¬
periments which would establish which hypothesis, if either,
is more accurate in its predictions. Unfortunately such
endeavours have been blocked by disputes over the question:
what is a break, or more to the point, what is not a break
(Revell, 1959, 1963)? Ionizing radiation produces a large
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at anaphase as Revell (1959) clearly demonstrated. Ac¬
cording to Revell (1959) the frequency of chromatid breaks
produced by ionizing radiation had been grossly over-
♦
estimated. In his experiments on Vicia faba only 32 out
of 587 "conventional breaks" showed up as acentric frag¬
ments at anaphase. In this connection it is interesting
to note that Revell (1954, 1959) presented evidence that
some, albeit not all, "gaps" (these chromatid aberrations
were not regarded by Revell as true breaks) were involved
at exchange sites. This of course raised questions about
chromatid gaps.
Scott and Evans (1967) studied cell-cycle dependent
changes in the response of faba cells to X-ray induction of
aberrations. Scott and Evans failed to observe the 5:2
ratio of chromatid breaks to isochromatid breaks and
found this ratio to vary depending on the phase of the cell
cycle at the time of irradiation (for derivation of 5:2
ratio see figure 3.1). These authors concluded that all
aberrations (except gaps) were "a consequence of exchange
following a process of mis-repair of primary lesions that
are not breaks". Chromatid gaps, according to Scott and
Evans, could be taken as the cytological manifestation of
non-repaired X-ray induced primary DNA lesions.
In 1969 Evans and Scott studied the induction of
chromatid aberrations by nitrogen mustard (in 1958 Revell
had extended his hypothesis to encompass chromatid aber¬
rations induced by chemicals). These authors found that,
although nitrogen mustard damaged DNA irrespective of cell
phase at the time of treatment, structural changes (aber¬
rations) were produced only after cells had undergone DNA
synthesis. Evans and Scott failed to observe the expected
5:2 ratio of chromatid breaks to isochromatid breaks;
rather, they found significantly fewer chromatid breaks
than incomplete isochromatid aberrations. Evans and Scott
concluded that, in cells exposed to nitrogen mustard during
the S phase, isochromatid breaks were the result of
mis-replication at a single locus and not the result of an
exchange between two loci (one on each chromatid) as Revell
-24'
had envisaged.
The opportunity to reveal exchanges at the sites of chromatid breaks
arose with the development of techniques to visualize SCE. The term SCE
now connotes a process which is intimately associated with DNA replication
(see Chapter 1). For the sake of brevity "SCE" will be used in this Chapter
to convey the broader concept of BUdR-label exchange between sister chromatids
and will thus encompass replication-fork-independent exchange processes
between sister chromatids.
CHO cells irradiated in the last G2 (pre-fixation) phase do not exhibit an
increase in SCE frequency (Perry and Evans, 1975) whereas chromatid breaks
are abundant in such cells (e. g. Natarajan et al., 1980a). It may be inferred
from the discrepancy between the number of complete exchanges (SCEs) and
incomplete exchanges (chromatid breaks) induced by X-rays in G2 cells that
Revell's exchange hypothesis cannot account for the formation of breaks in
these cells.
e
Heddle et al. (1969) performed an autoradiographic study in which they
labelled one DNA strand with tritiated thymidine. They used X-rays to
induce breaks and looked for label switches at the break sites. They had
estimated that 40% of the breaks should be associated with label exchange
if all breaks were the result of incomplete exchange (as Revell had
hypothesized, see Figure 3. 2. ), and obtained results which closely matched
this expectation. However, because their samples were small the experiment
was repeated and this time Heddle and Bodycote (1970) found far fewer breaks
to be associated with label exchange. Although they recognized that some
breaks might have arisen as a consequence of incomplete exchange, Heddle
and Bodycote concluded that Revell's model alone could not account for the
formation of all breaks.
Following the development of the FPG technique, a number of experiments
was performed on radiation damaged cells to determine the incidence of
breaks associated with exchange (Ikushima, 1977, Wolff and Bodycote, 1975).
Again it was found that the exchange hypothesis could not account for the
formation of all lesions observed although it could account for some.
Further evidence in support of this conclusion may be extracted from experi¬
ments with UV, ionizing radiation and chemicals which were not specifically
designed to test Revell's hypothesis (Kihlman et al. , 1977, Natarajan and
Obe, 1978, Natarajan et al. , 1980b, Shiraishi et al. , 1979).
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Figure 3.2. Formation of Chromatid Aberrations According
to the Exchange Hypothesis and Detection of Sister
Chromatid Exchange at the Break Site.
Exchanges 7 and 8 cannot be scored for SCE with certainty,
type-4 aberrations will be missed in the course of
scoring (see Fig. 3•1 . ) , this leaves five types of aber¬
rations which may be scored for SCE (type-1,2,3,5,6), two
of which will be coincident with exchange (40$). The
solid regions indicate unifilarly BUdR-substituted
strands. Figure modified from a diagram published in
the paper by Heddle et al. (1969).
On the other hand, support for the Revell hypothesis
comes from experiments on the induction of SCE and aber¬
rations in "hot spots" of rat chromosomes. Ueda et al.0976)
claimed as support for Revell's hypothesis the observation
that SCEs induced in vitro by dimethylbenz[a]anthracene
(DMBA) occurred at the same late-replicating regions as
DMBA-induced aberrations in rat bone marrow cells in vivo.
Their conclusion is less than convincing on several counts:
they did not investigate the coincidence of break-points
and SCEs in the same cells; the control (i.e. untreated)
level and distribution of SCE in vitro is not quoted and so
the number of SCEs induced by DMBA is unknown; under the
experimental conditions employed (treatment of cells for
the final 6 hours before fixation) DMBA is known to cause
aberrations preferentially in late-replicating hetero-
chromatic regions of the rat genome (Sugiyama, 1971)-
Since SCE cannot be induced in DNA that has already completed
synthesis (Latt and Loveday, 1978) any DMBA-induced SCEs
must also occur in the late-replicating regions. It is there¬
fore not surprising that both aberrations and SCEs appear
to occur preferentially in late-replicating regions and
this evidence, as it stands, cannot be counted as evidence
favouring the exchange hypothesis (but, see Discussion).
It was of interest to investigate the frequency of
aberrations coincident with SCE in cells treated at various
stages of their second cell cycle in an attempt to uncover
some aberrations a la Revell. Bleomycin (BLM) was used as
the clastogenic agent because, like X-rays, it causes pre¬
dominantly chromatid-type aberrations in the first post-
treatment mitosis of cells exposed in G2 (Natarajan and
Obe, 1978, Dresp et al., 1978, Paika and Krishan, 1973).
Bleomycin is a complex mixture of compounds produced by
Streptomyces verticillus (Umezawa, 1975). Several very
comprehensive reviews have been written on its biochemical
and cytogenetic effects (Umezawa, 1975, Vig and Lewis, 1978).
Briefly, BLM's primary target is DNA and BLM does not af¬
fect the synthesis and function of mRNA (Kuo et al., 1977).
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DNA synthesis initiation and termination in cells exposed to
BLM occur at normal rates (Tobey, 1972). BLM causes single
strand scission of DNA (Pujiwara and Kondo, 1973, Iqbal et
al., 1976, Miyakani et al., 1971, Natarajan and Obe, 1978,
Suzuki et al., 1969). The clastogenic effect of BLM is
manifested at the cytogenetic level by the presence of pre¬
dominantly chromatid-type aberrations induced in G2 cells
Dresp et al., 1978, Natarajan and Obe, 1978, Paika and
Krishan, 1973). Although some chromatid-type aberrations
are observed after G1 BLM exposure, suggesting an S-
dependent component of BLM damage (Tamura et al., 1974),
GO and G1 treated cells are characterized mainly by chromo¬
some aberrations whose frequencies are linear with BLM dose
(Dresp et al., 1978, Tamura et al., 1974). In these re¬
spects BLM acts much like X-rays, that is BLM causes cyto¬
genetic damage in an S-independent non delayed fashion.
Like X-rays, BLM does not induce many SCEs (Gebhart and
Kappauf, 1978, Lambert et al., 1978, Perry and Evans, 1975)
and this fact circumvents the problem of having to estimate
random coincidence of SCEs and breaks which ought to be done
if many SCEs are induced in each cell.
The experiments were carried out on human peripheral
blood lymphocytes which, because of their stable karyotype,
are satisfactory for scoring. Synchronized CHO cells would
have been better target cells to use in order to ensure that
the majority of cells were in a similar stage of the cell
cycle. However, CHO cells exhibit too high a background
aberration frequency for the purposes of this study.
Materials and Methods
Human peripheral lymphocytes were cultured as described
in Chapter 2. The setting up and harvesting of the cultures
were staggered (2 hour intervals) so that all the cells
could be exposed to BLM at the same time. BLM final con-
-5 -5
centrations of 5x10 M and 1x10 M were administered for a
two-hour period 18, 16, 14, and 12 hours before harvest.
At the end of the treatment, the suspensions were spun down
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and the cells were washed three times in 37"C complete
medium, resuspended in fresh complete medium (BLM-free)
and incubated until harvest. All of these operations
were carried out in a 37"C hot-room in order not to delay
cell growth. A yellow safe-light (Kodak OB filter) was
used in order to avoid photolysis of the BUdR-substituted
DNA strands (Ikushima and Wolff, 1974).
Criteria for scoring aberrations
Single chromatid breaks, single chromatid gaps and
isochromatid gaps were scored. Achromatic lesions smaller
than the width of a chromatid and continuous with the
chromosome axis were classified as chromatid or isochromatid
gaps. Displaced fragments and fragments aligned with the
chromosome axis but separated from it by a distance greater
than the width of a chromatid were classified as chromatid
breaks. Isochromatid breaks were not scored because of the
uncertainty involved in scoring for SCE at the break point.
Results
The results are summarised in tables 3.1 and 3.2.
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Table 3.1. Incidence of BLM Induced Gaps and Breaks
With and Without SCE
t [BLM] n SCE - S.E. CG CB IG T COINCIDENCE
10-12 5x10~5 53 7.9 - 0.40 19 29 2 50 16%
1x10~5 131 00 • MO 1+ • LAJ 0 19 27 4 50 24%
12-14 5x10~5 46 8.5 - 0.59 29 21 0 50 12%
1x10~5 74 7.7 - 0.44 25 22 3 50 20%
14-16 5x10"5 47 8.6 - 0.55 21 30 1 52 17.3%°
1x10~5 84 7.3 1 0.33 15 34 2 51 19.6%
16-18 1x10~5 140 7.7 - 0.25 16 27 3 46 17.4%
Control 100 7.3 - 0.27 1 4 0 5 2/5
A
t denotes time of exposure (hours before harvest); n, the
number of cells analysed; S.E., the .standard error;
CG, chromatid gap; CB, chromatid break; IG, isochromatid
gap, T, total number of aberrations scored.
A 5x10 M concentration of BLM administered 16 to 18
hours before harvest caused too much delay for aberrations
to be scored in sufficient numbers.
Analysis of the data presented in Table 3.1.
The observed percent coincidence of aberrations and
SCEs deviates significantly from the expected 40%
(p<0.001, X2= 86.45)
Cells in which aberrations were accompanied by SCE
(n=59) had a mean SCE frequency of 8.86 (S.E.=0.45).
Cells in which aberrations were independent of SCE (n=156)
had a mean SCE frequency of 7.74 (S.E.=0.27). The dif¬
ference of means is significant at the 5$ level (t=2.l8).
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Table 3-2. Incidence of BLM Induced Aberrations With SCEs
t [BLM] CG* £ CB* £ IG* £
10-12 5x10~5 3/19 15.8$ 4/29 13.8$ 0/2 0$
1x10~5 0/19 0$ 9/27 33.3$ 2/4 50$
12-14 5x10~5 1/29 3-4$ 5/21 23.8$ 0/0 -
1x10~5 2/25 8.0$ 8/22 36.4$ 0/3 0$
14-16 5x10~5 2/21 9.5$ 7/30 23.3$ 0/1 0$
1x10~5 3/15 20. 0$ 8/34 23.5$ 0/2 0$
16-18 1x10"5 0/16 0$ 8/27 29.6$ 0/3 0$
Control 0/1 0$ 2/4 50.0$ 0/0 -
t denotes time of exposure to BLM (hours before harvest);
CG*, number of chromatid gaps with SCE/total number of gaps;
CB*, number of chromatid breaks with SCE/total chromatid breaks;
IG*, isochromatid gaps with SGE/total isochromatid gaps;
e, percent coincidence of association of each type of aber¬
ration with SCE.
Analysis of the data, presented in Table 3.2.
From the results presented in Table 3.2., it is clear
that there is no consistent association of SCE with any
of the aberration types scored. However, chromatid breaks/SCEs
are significantly more associated than chromatid gaps/SCEs
(p<0.005, X2=19.4). The difference between the association
of chromatid breaks/SCEs and isochromatid gaps/SCEs is not
significantly different at the 5$ level (Xz=1.2).
Although chromatid breaks are more frequently associated with
SCE than other types of aberrations, the percent association
of chromatid breaks and SCEs is still lower than the pre¬




The results of this study indicate that only a small
percentage of BLM-induced breaks are associated with
SCE (Table 3-1. )•, The frequency of association (12-20$) of,,
these events is significantly lower than the expected (40$)
if all breaks were the result of incomplete exchange. If
one subdivides the aberrations scored into the three cat¬
egories listed in Table 3.2., the percent association of
chromatid breaks, chromatid gaps and isochromatid gaps
with SCE is still significantly lower than the expected 40$.
It is interesting to note, however, that significantly
more chromatid breaks are coincident with SCE than are
chromatid gaps. This observation fits in with the notion
that gaps and breaks cannot be classified under the same
category.(Revell, 1959, 1963, Scott and Evans, 1967). '
Further, because it is difficult to distinguish some gaps from breaks,
the real frequency of association between breakage and exchange may
be higher because of misclassification of gaps as breaks.
The question that really needs answering is what pro¬
portion of chromatid breaks are the result of incomplete
exchange? There are two walys of obtaining association of
breakage"and exchange at the same site: (1) random as¬
sociation of break points viith SCE sites (2) failure to
complete the exchange. As was mentioned in the Results
section, the mean SCE frequency of cells in which at least
one break was coincident with exchange was found to be
significantly higher than the mean SCE frequency of cells
in which breaks appeared but were independent of SCE
sites. However, since the difference of means is of the
order of 1 SCE per cell, one must be cautious in attributing
association of breakage and exchange to chance alone.
Kato (1977b) described an experiment in which he ex¬
posed uni- and trifilarly BUdR substituted CHO chromosomes
to fluorescent light. When he exposed cells in S phase to
fluorescent light, he found chromatid deletions associated
with SCE with frequencies of approximately 45$ and 25$ in
uni- and trifilarly substituted chromosomes respectively.
Since fluorescent light causes photolysis of BUdR-substituted
DNA (ikushima and Wolff, 1974), Kato argued that the ap¬
parently low value of 25$ for associated deletions and ex-
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changes could have been caused by a swamping effect of
breaks induced in post-replication DNA in trifilarly sub¬
stituted chromosomes. That is, the trifilarly substituted
chromosomes were subject to replication fork (and. perhaps
SCE) independent breaks, the high incidence of such breaks
leading to a reduction in the relative frequency of SCE-
associated breaks. Other findings in Kato's study tend to
substantiate his proposal: he noted that cells irradiated
in G2 essentially lacked SCE-break associations. In the
light of his findings one might expect that the association
between SCE and chromatid aberrations should decrease as
time of exposure to BLM approaches fixation time (i.e. as
BLM hits cells that are closer and closer to second mitosis).
This expectation was not met by the findings of the present
study. Failure to observe a change in SCE-break associations
with varying time of exposure could be attributed to the
heterogeneity of the cell population studied.
It is interesting to note that cultures exposed to
_5
5x10 M BLM consistently showed lower coincidence of SCE and
breaks than cultures exposed to a BLM concentration of
-5
1x10 M. This trend could not be analysed statistically
but is worth mentioning because it fits rather well with
Kato's idea of swamping of incomplete-exchange-induced aber¬
rations by aberrations caused by strand breaks in post-
replication DNA. This is, of course, mere speculation, and
it is unfortunate that time did not permit further investi¬
gation of this question.
After the completion of this study Galloway and Wolff
(1979) published results which led them to conclude that
Revell's exchange hypothesis could not account for the
formation of all chromatid breaks. Another paper appeared
in 1980 in which van Kesteren-van Leuwen and Natarajan .
re-examined the results of Ueda et al. (1976, see Intro¬
duction). These authors used an improved experimental
approach and showed that 46.9f° of DMBA-induced breaks are
coincident with SCE. van Kesteren-van Leuwen and Natarajan
followed Ueda et al.'s protocol and treated rats with DMBA
6 hours before killing and obtained cells which they analysed
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for the simultaneous occurrence of SCEs and aberrations.
These authors were quite cautious in interpreting their
results and suggested that the effect they picked up
might be explained by the ftft that they were considering
exclusively heterochromatic regions. They suggested that
these regions, rich in repetitive DNA and late-replicating,
might be of particular interest when trying to verify the
predictions of Revell's exchange hypothesis since Revell's
observations were taken from a cell system (V_^ faba) which
is rich in large blocks of late-replicating DNA. It is
worth pointing out again that Latt and Loveday (1978) ob¬
served that the frequency and location of SCEs induced at
different times during S is restricted to those regions
which have replicated during or after DNA damage.
In conclusion, it is evident from a literature survey
and the r^ults presented in this chapter, that Revell's
exchange hypothesis cannot account for the formation of all
chromatid breaks . However, the observed association
of chromatid breaks with SCE points to some involvement
of incomplete exchange in the induction of chromatid breaks.
The degree of association of these two events seems to be
related to the state of the cell at the time of injury.
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CHAPTER 4
MOLECULAR NATURE OF LESIONS INVOLVED IN SCE INDUCTION
General Introduction to Chapter 4
A bewildering number of agents induce SCEs. Biochemical
studies indicate that the lesions produced by each SCE-
inducing agent vary both qualitatively and quantitatively.
Many studies have been devoted to the analysis of known DNA
repair mechanisms and SCE induction with a view to estab¬
lishing a model for the generation of SCE. Arguably SCE
could result from a fairly non-discriminating lesion-avoiding
mechanism: that is, in terms of this model, the nature of
the lesion would be less important than the fact that it is
there at all. Indeed this would be the simplest explanation
for the SCE-induction end-point. However, this view of
SCE-induction is unsatisfying with respect to its predictive
abilities. Ethyl methanesulfonate (EMS) and methyl methane-
sulfonate (MMS) are both SCE-inducing agents. However, MMS
is a more potent SCE-inducer on a molar basis than EMS
(Perry and Evans, 1975). Differences in the rate of cellular
up-take of these two componds are unlikely to account for
this discrepancy since both chemicals are of low and similar
molecular weight (124 for EMS and 117 for MMS). One could
argue that the biochemical half-life of these compounds
could account for differences in their ability to induce
SCEs since EMS has a half-life of 2.2 hours and MMS has one
of 8.5 hours (Jensen et al., 1977). However, biological
half-life cannot be the only factor because N-methyl-N-
nitrosoguanidine (MNNG), which has a biological half-life
of 14 minutes (Jensen et al., 1977), induces approximately
the same number of SCEs as EMS but at concentrations 1000
timeslower than EMS concentrations (Perry and Evans, 1975).
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One is therefore left with the rather unsettling thought
that SCE could he the product of certain types of lesions
Mutagens cause different kinds and different amounts of
DNA lesions because of differences in their affinity for
particular DNA binding sites. A considerable amount of
information on the interaction of DNA and DNA-damaging
agents may be obtained from Roberts (1978), Pegg (1977),
Singer (1975) and Lawley (l972a,b).
Many studies have been devoted to trying to establish
a link between specific alkylation products and mutagenesis..
Initially it was thought that the alkylation of guanine at
the N-7 position, which can sometimes account for up to 90$
of alkylation reactions (Roberts, 1978), could be important
in mutagenesis. However, following Loveless' suggestion
(1969) that alkylation at the 0-6 position of guanine could
result in mis-pairing (GO-—>AT transitions) an enormous
number of experiments were performed which led to the now
generally accepted notion that O^-alkylguanine (0-6-alkylG)
is a more important lesion than N-7-alkylG in mutagenesis,
and perhaps carcinogenesis.
Lawley and Orr (1970) showed that in coli 0-6
alkylation products of MNNG were specifically excised where¬
as N-7 alkylation products were not. They suggested that
the repair machinery might recognize and excise potentially
mis-pairing modified bases. Couldre and Miller (1977)
showed that MKNG and EMS produce GC—>AT transitions in
E. coli. In 1978 Metah and Ludlam, using artificially
synthesized copolymers, poly(dC, medG) obtained mis-incor¬




With regard to mammalian systems, Goth and Rajeway (1974)
obtained results from which they suggested that the speci¬
ficity of ethyl nitrosourea (ENU) in inducing brain tumors
could be correlated with the very slow rate of removal of
0-6-ethylG products in brain tissue as compared with other
tissues in which tumors are rarely observed. 0-6-methylG
products of methyl nitrosourea (MNU) also persist for a
long time in the brain (Kleihues, 1977). Magee et al. (1975)
also suggested that the fact that single large doses of ENU and
DEN can induce tumors in kidney and brain but not in liver
can be accounted for by differences in the rates of excision
of 0-6-alkylG products from these tissues (excision being
fastest in the liver, intermediate in the kidney and slowest
in the brain). Frei et al. (1978) further reported that
0-6-alkylG was removed more rapidly from the liver than from
brain, kidney and lung tissues. At this point it should be
mentioned that the excision of 0-6-alkylG in mammalian cells
is probably achieved by a demethylase rather than by an
N-glycosidase as has been suggested for coli (Pegg, 1978).
One might well wonder what all of this has to do with SCE
induction. The link between 0-6-alkylation of guanine and
SCE was established when Goth-Goldstein (1977) showed that
ENU and MNU alkylation products at the 0-6 position of
guanine are not excised in xeroderma pigmentosum cells
whereas N-7-alkylG is lost from these cells at the same rate
as in normal cells. This finding coupled with the fact that
xeroderma cells are more sensitive to SCE induction by a
spectrum of chemical mutagens than similarly treated control
cells (Wolff et al., 1977) has led to the implication of
0-6-alkylG in the induction of SCE (Wolff, 1978a,b). The
induction of SCE by mitomycin C, which does not alkylate the
N-7 but does alkylate the 0-6 positions of guanine (Tomasz,
1974), further supports the view that some SCEs are caused
by 0-6 alkylation of guanine (Carrano et al., 1979).
The experiments included in this chapter deal with
SCE induction by single mutagens and pairs of mutagens.
These experiments were designed to determine whether the
extent of alkylation of the 0-6 position of guanine can be
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correlated with induced SCE frequencies (comparisons
between single mutagens). Moreover, SCE induction by pairs
of mutagens was studied to investigate whether the mutagens
in each pair would interact in inducing SCE (blocking,
perhaps through competition for 0-6 sites, or synergism) or




SECTION 1: SCE INDUCTION BY COMBINED TREATMENT WITH
METHYL METHANESULFONATE AND X-RAYS
Introduction
The bulk of ionizing radiation-induced damage is rapidly-
repaired (Lett et al., 1967, Regan and Setlow, 1974, Pempree
and Merz, 1969, Wolff, 1972) by short-patch repair involving
no more than 3-4 nucleotides (Regan and Setlow, 1974). How¬
ever, the possibility that some ionizing radiation-induced
lesions might be excised was raised by results obtained by
several investigators (Lennatz et al., 1975, Mattern et al.,
1973, Paterson et al., 1976, Remsen et al., 1976). This
notion was strengthened by the finding that X-rays induce
DNA-protein crosslinks (Fornace and Little, 1977). Whether
such lesions are involved in SCE induction by X-rays is a
matter of debate. At present there is growing evidence
that X-ray induced SCEs are few, if there are any (see
Chapter 6). It may be that the putative enzymatically
excisable lesions caused by X-rays are too few to make a
difference to the base-line SCE frequency and/or are not
lesions which induce SCE.
Methyl methanesulfonate (MMS) has been described as an
X-ray-like alkylating agent by virtue of the fact that it
induces short-patch repair (Regan and Setlow, 1974) and
blocks replicon initiation (Painter, 1977, Buhl and Regan,
1973)* However, unlike X-rays, MMS also decelerates chain
elongation (Buhl and Regan, 1973, Dahle et al., 1978,
Painter, 1977, Scudiero and Strauss, 1974). On the assum¬
ption that MMS and X-rays might induce similar repair
enzymes which could affect the number of SCE-initiating
lesions, an experiment was designed to study the effects of
combined X-ray and MMS injury on synchronized CHO cells.
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Materials and Methods
Chinese hamster ovary (CHO) cells were synchronized
according to the method detailed in Chapter 2, section H.
The experimental design is illustrated in Figure 4.1.1.
Results
The results are presented in Figure 4.1.1, where the
mean SCE frequencies (n=20 cells/culture) are summarised.
A statistical analysis of the data is presented in Table
4.1.1. It was not possible to pool data from the first
cycle treated cells and the second cycle treated cells
because first cycle MMS-induced SCEs were significantly
higher than second cycle MMS-induced SCEs. Furthermore,
first cycle irradiation-induced SCEs were significantly
higher than untreated controls and second cycle irradiation-
induced SCEs did not differ from untreated controls.
A t test applied to the data indicated that combined
treatment of MMS and X-rays (irrespective of the order in
which they were administered) yielded a significantly lower
SCE value than expected if treatments of MMS and X-irradiation
had been strictly additive. This was true for both the first








































































1 Control 9.35 10.13
2 Control ■ 10.15 11.19 0.77
1 0/i/0 11.85 5.29
2 0/i/0 11.90 10.94 0.01
1 Control 9.35 10.13
1 0/i/0 11.85 5.29 2.85 p<0.05
2 Control 10.15 11.19
2 O/i/0 11.90 10.94 1.58
1 MMS/0/0 17.40 13.20
1 0/0/MMS 17.35 17.40 1.00
2 MMS/0/0 13.90 6.73
2 0/0/MMS 15.65 19.19 0.04
1 MMS(pooled) 17.38 14.91
2 MMS(pooled) 14.78 13.41 3.09 p<0.01
1 MMS/i/0 16.00 10.84
1 Expected 19.90 28.62 3.06 p<0.01
1 0/i/MMS 17.00 19.37
1 Expected 19.85 32.82 2.03 p<0.05
2 MMS/i/0 10.85 11.61
2 Expected 15.65 28.86 3.74 p<0.01
2 0/i/MMS 13.85 15.71
2 Expected 17.40 41.32 2.32 p<0.05
Expected SCE values were calculated in the following way
e.g. Expected for first cycle MMS/i/0=[MMS/0/0] + [O/i/O]
- [0/0/0] = 17.40 + 11.85 - 9.35 = 19.90.
s2 for the expected is the sum of the s2 of the three means
involved in the foregoing calculation.
denotes the sequence of treatments
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Discussion
The finding that combined treatment of MMS and
X-irradiation induced significantly fewer SCEs than
expected is rather surprising. Several explanations may
be advanced to elucidate this finding. A recent report
(Sono and Sakaguchi, 1981) indicates that the protein
synthesis inhibitors cyclohexamide and puromycin decrease
the frequency of EMS and MMS induced SCEs. Kato (1980)
also found that cyclohexamide completely inhibited SCE
induction by fluorescent light. MMS reacts extensively
with cellular constituents other than DNA (Roberts et al.,
1971) and slows protein synthesis (Fox and Fox, 1967).
The notion that the protein synthesis inhibiting capacity
of MMS could account for the observed discrepancy in SCE
frequencies is unattractive because a lower than expected
SCE frequency was also observed in cells irradiated prior
to MMS treatment. One could attempt to explain the present
findings by using Painter's model (1980) for the formation
of SCE (See Chapter 1, Section D). Painter argued that pre-
treatment with an agent which prevents the initiation of
replicon clusters (and preferably does not induce SCE, e.g.
X-rays) would lower the expected SCE frequency induced by
post-treatment with an agent which slows or blocks chain
elongation. According to Painter, the role of the inhibitor
of replicon cluster initiation would be to delay the onset
of replication within that cluster thereby allowing more
time for the repair system to operate. In this connection
it is interesting to note that MMS first inhibits replicon
initiation and subsequently slows chain growth (Painter,1977,
Buhl and Regan, 1973). According to Painter's model MMS
could be said to "decrease" its own SCE-inducing capacity.
The application of Painter's model to explain the results
obtained in this experiment is, however, unsatisfactory be¬
cause the dose of radiation inflicted on the cells cannot be
regarded as high enough to block replicon initiation (Tolomach
and Jones, 1977). Therefore the reduction in the observed
SCE frequency with X-ray pre-treatment cannot be accounted for.
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Another possible explanation for the results obtained
is that MMS and X-rays induce repair systems which "cross
react"; in other words that some of the MMS repair machinery
can act on some X-ray induced lesions and vice versa. Bodell
(1977) used micrococcal nuclease to digest repair-labelled
nuclei of mouse cells exposed to MMS and found a non-uniform
repair of chromatin. He attributed this finding to either
non-random DNA alkylation or to the inaccessibility of some
damaged sites to repair enzymes. On the assumption that
some MMS induced lesions might be inaccessible to repair
enzymes it is possible to envisage that some of the X-ray
induced repair machinery might be better suited to reach
these inaccessible sites. Lennatz et al. (1975) pointed out
that not all X-ray induced lesions offer a 3'0H group to
DNA polymerase I nor a 3'0H and a 5'phosphate group to ligase
and that some exonucleolytic action is required to "clean"
breaks. It is possible that MMS repair enzymes might speed
up this process. This contention is further supported by
the findings of Mattem et al. (1973) who found that CHO
cells could excise enzymatically gamma-radiation induced
5,6-dihydroxydihydrothymine. Roberts (1978) has suggested
that the enzyme involved in this process could also be in¬
volved in the removal of small alkyl groups and this is con¬
sistent with the idea that MMS and X-ray repair systems
might be linked.
Another explanation which may be advanced to account
for the results of this experiment is one based on the
adaptive-DNA-repair system. This system has been characterized
for bacteria (Samson and Cairns, 1977, Jeggo et al., 1977,
Schendel and Robins , 1978, Robins and Cairns, 1979, Karran
et al., 1979) and it has been suggested that it exists in
mammalian cells (Montesano et al., 1979a,b, Samson and Schwartz,
1980). Briefly, adaptive-DNA-repair is characterized in
bateria by enhanced survival of cells "primed" with small
doses of MNNG and challenged with a large dose of MNNG or
other alkylating agents (see above references). In mammalian
cells Samson and Schwartz (1980) showed that pre-treatment
of CHO cells with non-toxic MNNG doses resulted in enhanced
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survival and reduced SCEs following lage challenge doses of
MNNG, MNU and ENU. These findings raise the possibility that
the lower than expected SCE frequency in MMS and X-ray treated
cells might be due to an adaptive-DNA-repair system. However,
this interpretation must be regarded with some suspicion be¬
cause the adaptive-DNA-repair system has been demonstrated
using alkylating agents only (X-rays do not fall in this
category) and a recent SCE study by Jostes et al. (1981)
indicates that CHO cells do not show adaptive-DNA-repair
with EMS.
In conclusion, the finding that MMS and X-ray combined
treatments induce fewer SCEs in CHO cells than MMS-induced
SCEs plus X-ray induced SCEs may be explained by a "cross
reaction" of the MMS and X-ray repair machineries. The pos¬
sibility that this effect might be due to an adaptive-DNA-
repair system similar to the one described by Samson and
Schwartz (1980) remains open to debate.
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CHAPTER 4
SECTION 2: SCE INDUCTION BY ETHYL AND METHYL METHANESULFONATE
Introduction
In bacteria the repair of EMS and MMS induced DNA
lesions appears to be governed by at least partly different
repair pathways (Kondo et al., 1970). This contention is
supported by the fact that EMS and MMS produce different
spectra of alkylation lesions in DNA. For example, the
ratio of 0-6/N-7 alkylation of guanine is 0.004 and 0.03
for MMS and EMS respectively, the ratio of N-3 alkylation
of adenine to N-7 alkylation of guanine is 0.12 for MMS
and 0.08 for EMS (Lawley et al., 1975). One would there¬
fore expect that the effects on SCE induction of these two
agents should be additive. This hypothesis was tested in
the following series of experiments. It is important to
note that in the experiments presented in this Section and
Sections 3 and 4 the chemicals were added simultaneously and
hence the possibility of adaptive-DNA-repair effects on SCE
may be excluded.
Materials and Methods
Asynchronously proliferating CHO cells were used in
these experiments. For details of the culturing and har¬
vesting procedures see the relevant Sections in Chapter 2.
Sequential harvests were performed at 24, 26, and 28 hours
for all but the last 2 experiments in this section (for these
2 only one harvest was done at 28 hours). Although second
division cells appeared as early as 24 hours after the ad¬
dition of low concentrations of mutagens to the cultures, a
strong delay was induced in cultures treated with high
mutagen concentrations and second division cells could not
be obtained until the 28 hour harvest in those cultures.
Therefore the 28 hour harvest time was selected for scoring
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all cultures in all experiments. In all the experiments
described below the mutagen(s) was added at the same time
as BUdR (that is at time 0) and left in until the first
harvest at 24 hours.
V
Experimental Design for EMS/MMS Experiments 1 to 6.
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
Control Control Control Control Control Control
EMS 30 MMS 10 MMS 10 MMS 10 MMS 10 MMS 10
EMS 20 MMS 5 MMS 5 MMS 5 MMS 5 MMS 5
EMS 10 MMS 4 MMS 4 MMS 4 MMS 4 MMS 4
EMS 3 MMS 3 MMS 3 MMS 3 MMS 3 MMS 3
MMS 1 MMS 1 MMS 1 MMS 1 MMS 1






























































EMS values x 10 M; MMS values x 10 M
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Results and Statistical Analysis
A regression line was calculated for MMS-induced SCEs
by pooling MMS data from Experiments 2 to 6. The equation
of the line is given below, where x is the MMS concentration
5
multiplied by 10
SCEs/cell = 4.288x + 9.91
Ordinarily, one could have performed an ANOVAR treatment of
the data to determine whether EMS plus MMS SCE values
paralleled MMS values. However, this sort of statistical
analysis requires that the variances of the means be very
similar which was not the case for the data obtained.
A statistical analysis of the data was devised with the
assistance of Dr. Anthea Springbett.
If the effect of EMS and MMS on SCE induction is a
strictly additive effect, one would expect that the points for
EMS plus MMS to parallel the calculated MMS regression
line with an upward shift in SCE frequency equivalent to
the frequency of SCEs induced by EMS alone.
The 95$ confidence limits of the estimated-expected
value for each EMS plus MMS point was calculated by ad¬
ding the 95$ confidence interval of the regression line at
any given point to the 95$ confidence interval of the ob¬
served EMS plus MMS mean. This addition seemed justifiable
since, as a rule, variance increases as SCE frequency in¬
creases.
Sample Calculation:
The 95$ confidence interval for the MMS regression line
at an MMS concentration of 5x10 M is:
SCE/cell=(4.288)(5) + 9.91 - [(2.048)(4.77)(l_ + 5 - 3.83)*]
30 274
where 2.048 is the tabulated t value for n-2
degrees of freedom
4.77 is the estimated s for the regression line
30 is n, the number of means used to cal¬
culate the regression line
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3.83 is x for the regression line
274 is S
xx
Therefore, SCE/cell = 3"!.35 - 1.91
In experiment 4 the mean SCE frequency per cell was ob¬
served to be 54.95 for EMS 10 x 10 4M + MMS 5 x 10 ^M.
The standard error of the mean was 1.75. The 95% con¬
fidence interval for this mean is 54.95 - (2.093)(1 .75),
where 2.093 is the tabulated t value for 19 degrees of
fr®dom (n=20 for each mean). The 95% confidence interval
is therefore 54.95 - 3.66.
The expected mean for EMS 10 x 10~4M + MMS 5 x 10 was
calculated in the folowing way:
(EMS 10x10 4M induced SCEs) - (base-line SCEs)
-33.40 - 9.91 = 24.21
24.21 + 31-35 = 55.56 = estimated expected mean SCE value
for EMS 10x10~4M + MMS 5x10~5M
where 31.35 is the SCE value of the MMS regression
line at x=5x10 ^M.
The 95% confidence limits for the expected SCE value are
calculated by summing the values 3.66 and 1.91 to give:
55.56 - 5-57, i.e. 49.99 to 61.13 expected SCEs.
The observed mean for EMS 10 x 10 4M + MMS 5 x 10 ^M
was 54.95 and falls within these limits. For this point it
may be concluded that EMS and MMS- SCE-inducing effects are
additive.
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Table 4.2.1. Mean SCE/Cell Induced by EMS - Standard Error, S.E.















Table 4.2.2. Mean SCE/Cell Induced by MMS - Standard Error, S.E.
(Experiment 2, n = 20 cells/culture)
MMS
Treatment SCE - S.E.
(M)
Control 7.95 - 0.70
inIoXo 47.00 - 1.92
5 x 10~5 34.00 - 1.64
4 x 10~5 25.30 - 1.40
3 x 10~5 22.80 - 0.99
1 x 10~5 11.65 - 0.66
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Table 4 .2.3. Mean SCE/Cell - Standard Error (S.E.)
Induced by MMS (at various concentrations),
-4
EMS at 20 x 10 M and by Combined Treatment
With EMS and MMS (Experiment 3, n = 20 cells).
MMS Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE i S.E.
(M) 0 20 x 10~4 e
0 8.45 - 0.61 51 .60 - 1.69
10 x 10~5 50.80 - 2.35 76.20 - 1.87 94.48 - 7.96 <
5 x 10~5 35.70 - 1.70 61.85 - 2.44 73-04 - 7.07 <
4 x 10-5 26.95 - 1.19 59.65 - 1.67 68.75 - 4.69 <
3 x 10~5 22.30 - 1.37 61.30 - 2.52 64.46 — 6.17 =
1 x 10~5 13.35 - 0.62 50.80 - 2.35 55.89 - 6.11 -




The expected SCE/cell and S.E. were calculated as described
















Table 4.2.4. Mean SCE/Cell - Standard Error (S.E.)
Induced by MMS (at various concentrations),
-4
EMS at 10 x 10 M and by Combined Treatment
With EMS and MMS (Experiment 4, n = 20 cells).
MMS Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE - S.E.
(M) 0 10 x 10 4 e
0 9.30 - 0.79 33.40 ± 1.24
10 x 10"5 50.55 1 1.57 65.70 - 2.31 76.28 - 8.88 <
5 x 10"5 32.55 ± 1.35 54.95 ± 1.75 54.84 ± 5.58
4 x 10"5 34.15 1 1.37 55.70 - 2.12 50.55 1 5.63 =
3 x 10"5 27.00 ±1.11 45.40 - 1.27 46.26 - 3.56 =
1 x 10~5 14.25 - 0.90 43.50 - 3.01 37.69 - 7.49 =
Column description as in Table 4.2.3. (p. 49).
Table 4.2.5. Mean SCE/Cell - Standard Error (S.E.)
Induced by MMS (at various concentrations),
EMS at 5 x 10~4M and by Combined Treatment
With EMS + MMS (Experiment 5, n = 20 cells).
MMS Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE - S.E.
(M) 0 -45 x 10 e
0 8.85 - 0.50 26.40 - 1.17
o X o
1
54.65 - 1.86 Strong Delay, no 2nd divisions
5 x 10"5 30.95 - 1.16 47.95 - 0.96 47.84 - 3.92 -
4 x 10~5 25.20 - 0.79 47.35 - 1.65 43.55 - 4.64 -
3 x 10" 5 25.90 - 1.16 36.70 - 1.34 39.26 - 3.70 -








































Table 4.2.6. Mean SCE/Cell - Standard Error (S.E.)
Induced by MMS ( at various concentrations),
-4
EMS at 3 x 10 M and by Combined Treatment
With EMS + MMS (Experiment 6, n = 20 cells).
MMS Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE ± S.E.
(M) 0 3 x 10"4 e
0 8.85 - 0.50 23.35 - 1.19
10 x 10~5 48.75 - 1.79 50.75 - 1.49 66.13 - 7.17 <
5 x 10~5 34.00 - 1.33 39.15 - 1.39 44.69 - 4.82 <
4 x 10"5 28.05 - 1.14 37.70 - 1.25 40.40 - 3-81 =
3 x 10~5 21.90 - 1.19 30.00 - 0.85 36.11 - 2.68 <
1 x 10~5 13-70 - 0.99 26.15 - 1.06 27.54 - 3.41 =
Column description as in Table 4.2.3. (p. 49).
 
Preliminary Discussion of EMS and MMS Results
The data presented in Section 2 of this chapter in¬
dicate, with regard to the issue of involvement of 0-6-
alkylG, that 0-6-alkylG cannot be the only lesion res¬
ponsible for SCE induction since MMS causes only a neg¬
ligible quantity of 0-6-alkylG relative to EMS (Lawley et
al., 1975) but is much more efficient at inducing SCEs on
a molar basis than EMS.
EMS and MMS combined treatments induced as many SCEs
as (EMS-alone-induced SCEs) + (MMS-alone-induced SCEs)
within the expected limits for SCE induction for combined
treatment. This result is consistent with the idea that
EMS and MMS repair occurs via at least partly different
pathways (Kondo et al., 1970). At high concentrations of
EMS and MMS, combined treatment resulted in fewer SCEs
than expected (Tables 4.2.3- and 4.2.4.). This may be
explained by a "saturation effect" on SCE induction, that
is at high mutagen concentrations the SCE frequency begins
to level off and the cytotoxic effects of the mutagen
begin to interfere in the system to such an extent that
second division metaphases cannot be obtained. In this con¬
nection it is interesting to note that EMS and MMS begin
to "saturate" the SCE frequency at about 50-60 SCEs/cell
and that combined treatment of EMS and MMS follows the same
trend. The significance of this observation is unclear.
Why three out of five (one of these three is only mar¬
ginally lower than the expected) combined treatments of
-4
EMS at 3 x 10 M plus MMS should be lower than the expected
remains unclear (see Table 4.2.6). This may well be a
spurious result because all the SCE frequency values ob¬
tained for combined EMS and MMS treatment in Experiment 5
/ -4
(in which EMS at 5 x 10 M induced on average only about
-4 \
3 more SCEs per cell than an EMS concentration of 3 x 10 M)
fell within the expected limits.
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CHAPTER 4
SECTION 3: SCE INDUCTION BY ETHYL METHANESULFONATE
AND ETHYL NITROSOUREA
Introduction
Treatment of CHO cells with single and combined doses
of EMS and ENU was investigated in this Section. ENU pro¬
duces 25 times more 0-6-ethylG than EMS (Sun and Singer,
1975). If alkylation of the 0-6 position of guanine is
important in SCE induction, one might expect ENU to be
more efficient, on a molar basis, than EMS at inducing SCEs.
Futhermore, combined treatment with EMS and ENU should be
additive in terms of SCE induction since the alkylation
spectra for these mutagens are so different (for example,
8$ of EMS alkylation products are ethyl-phosphates whereas
66$ of ENU alkylation products are ethyl-phosphates, Sun
and Singer, 1975).
Materials and Methods
As for the experiments in Section 2 of this Chapter,
asynchronously dividing CHO cells were exposed for 24 hours
(two cell cycles in the presence of BUdR) to various con¬
centrations of EMS and ENU. The 28 hour harvests were selec¬
ted for scoring. Details of the exposure protocols are
listed on the following page.
-53-
Experimental Design for EMS/ENU Experiment 1 and 2
Exp. 1 Exp. 2 v
No DMSO
DMSO 0.4# DMSO 0.4#
ENU 10 ENU 5 + EMS 20 ENU 4 + EMS 20
ENU 5 ENU 5 + EMS 10 ENU 4 + EMS 10
ENU 4 ENU 5 + EMS 5 ENU 4 + EMS 5
ENU 3 ENU 5 + EMS 3 ENU 4 + EMS 3





EMS concentrations x 10 ^M, ENU concentrations x 10~~^M
Results and Statistical Analysis
The data obtained in these two experiments were stat¬
istically analysed as described for the experiments of
Section 2 of this Chapter (see pages 46 and 47).
A regression line was calculated for the SCE/cell induced
by various doses of EMS. The equation of the line is
4
given below, where x is the EMS concentration x 10
SCEs/cell = 2.62x + 12.88
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Table 4.3.1. Mean SCE/cell - Standard Error (S.E.)




DMSO 0.4# 9.60 ± 0.52
10 x 10~4 toxic
-4
5 x 10 29.30 ± 1.09
i
oX"St 25.30 ± 1.41 j
3 x 10 4 18.65 ± 1.63



















































































































































































































Preliminary Discussion for EMS and EOT Results
The results obtained in this Section again do not
support the notion that 0-6-alkylG is the only lesion
V
involved in the generation of SCE since equimolar con¬
centrations of EMS and EOT (4 x 10 ^M) produced ap¬
proximately the same SCE frequency (23 and 28 SCEs/cell
for EMS and EOT, respectively) but EOT causes 25 times
more ethylation at the 0-6 site of guanine than EMS
(Sun and Singer, 1975).
The combined treatment (EMS + EOT) effect on SCE
induction was additive within the expected limits. This
result is in agreement with the fact that EMS and EOT
produce such different spectra of DNA lesions.
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CHAPTER 4
SECTION 4: SCE INDUCTION BY ANTHRAMYCIN AND ETHYL
METHANE SULFONATE r AND ETHYL NITROSOUREA
Introduction
Anthramycin (ANT) is an infrequently studied anti¬
tumor agent. For this reason a more extensive description
of the effects of ANT will be given. ANT has a much higher
affinity for double stranded DNA than for single stranded
DNA (Hurley et al., 1977, Kohn and Spears, 1970) and binds
neither to RNA nor to protein (Hurley et al., 1977 ). The
ANT-DNA conjugate is extremely stable (Hurley et al., 1979b).
The notion that ANT binding to DNA might be highly specific
was introduced by Stefanovic (1968) and it was later shown
that ANT has a high affinity for guanine (Hurley, 1977,
Kohn et al., 1968, Kohn and Spears, 1970, Kohn et al., 1974).
In 1979 Hurley and Petrusek reported that ANT covalently
binds to DNA at the N-2 position of guanine exclusively.
Glaubiger (1974) had found that ANT does not distort or
extend the DNA helix but rather that it stiffens it (but
does not intercalate). Hurley and Petrusek's finding that
ANT covalently binds to the N-2 position of guanine and
snugly fits (without distortion or protrusion) into the
narrow groove of the helix explains the slow removal of
ANT from DNA observed by Hurley et al. (1979a) in human
fibroblasts.
It was therefore of interest to see whether ANT could
induce SCEs and, if so, whether ANT + EMS and ANT + ENU
combined treatments would be additive with respect to SCE
induction. No N-2 ethylation of DNA has been reported for
EMS at neutral pH, though some N-2 ethylation of guanine
has been reported by Lawley et al. (1975) at pH 12—13- No




Asynchronously dividing CHO cells were exposed to ANT
for 24 hours (2 cell cycles in BUdR). Since ANT was found
to be positive for SCE induction, combined treatments of
ANT + EMS and ANT + ENU were investigated. The 28 hour
harvests were selected for scoring.
Experimental Design for ANT/ EMS and ANT/ENU Experiments 1 to 6.
Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6
No DMSO No DMSO No DMSO
BMSO .5$ DMSO .5/° DMSO .5% DMSO .5% DMSO .5/°
DMSO .9/°
ANT 64 ANT 64 ANT 64 ANT 64
ANT 32 ANT 32 ANT 32 ANT 32 ANT 32 ANT 32
ANT 16 ANT 16 ANT 16 ANT 16 ANT 16 ANT 16
ANT 8 ANT 8 ANT 8 ANT 8 ANT 8 ANT 8
ANT 4 ANT 4 ANT 4





























































ANT values x 10~9M, EMS x 10 4M, ENU x 10 4M
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Results and Statistical analysis
The data obtained in the experiments described in this
Section were statistically analysed as described for the
experiments in Section 2 of this Chapter (see pages 46 and 47).
A regression line was calculated for the SCE/cell induced by
various concentrations of ART. The equation of the line is
g
given below, where x = ART concentration x 10
SCEs/cell = 0.7087x + 10.83
Table 4.4.1. Mean SCE/Cell - Standard Error (S.E.)
Induced by ART (Experiment 1, n = 20 cells).
ART
Treatment SCE ± S.E.
(M)
DMSO 0.51° 8.60 - 0.67
64 x 10~9 53.00 - 2.10
32 x 10~9 38.40 - 1.77
16 x 10~9 25.00 - 1.22
8 x 10~9 17.40 - 1.15
-F^ X O
1 UD 12.45 - 0.75
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Table 4.4.2. Mean SCE/Cell - Standard Error (S.E.)
Induced by ANT (at various concentrations),
-4
EMS at 20 x 10 M and by Combined Treatment




Observed SCE - S.E.
EMS' Treatment (M)































Column e lists deviations from the expected:
< symbolises observed < expected; = symbolises observed=expected
Table 4.4.3» Mean SCE/Cell — Standard Error (S.E.)
Induced by ANT (at various concentrations),
EMS at 10 x 10-4M and by Combined Treatment











































































































Table 4.4.4. Mean SCE/Cell - Standard Error (S.E.)
Induced by ANT (at various concentrations),
-4
EMS 5 x 10 M and by Combined Treatment
ANT + EMS (Experiment 4, n = 20 cells).
ANT Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE - S.E.
(M) 0 5 x 10~4 €
No DMSO 9.40 - 0.54 23.75 - 1.06
DMSO 0.5$ 10.05 - 0.73
32 x 10~9 31.90 - 1.87 44.35 - 1.62 46.22 - 4.88 =
16 x 10"9 23.80 - 1.21 31.65 ± 1.33 34.99 - 4.04 -
8 x 10"9 14.50 - 0.84 26.20 - 1.76 29.37 - 5.09 =
4 x 10"9 14.00 - 0.77 22.25 -1.11 26.56 - 3-85 <
< in the e column symbolises observed < expected
= in the e column symbolises observed = expected
Table 4.4.5. Mean SCE/Cell - Standard Error (S.E.)
Induced by ANT (at various concentrations),
-4
EMS at 3 x 10 M and by Combined Treatment
ANT + EMS (Experiment 5, n = 20 cells).
ANT Observed SCE - S.E. Expected
Treatment EMS Treatment (M) SCE i S.E.
(M) 0 3 x 10~4 e
No DMSO 9.20 - 0.67 19.45 - 0.81
DMSO 0.5$ 9.65 - 0.63
32 x 10~9 35.95 1 1.74 41.55 ± 1.40 41.92 - 4.42 =
16 x 10~9 24.70 - 1.31 29.75 - 1.20 30.69 - 3-77 =
8 x 10~9 14.80 - 0.90 22.20 - 1.16 25.07 1 3-83 =
























Table 4.4.6. Mean SCS/Cell - Standard Error (S.E.)
Induced by ANT (at various concentrations),
-4
ENU at 4 x 10 M and by Combined Treatment
ANT + ENU (Experiment 6, n = 20 cells).
ANT Observed SCE - S,E. Expected
Treatment ENU Treatment (M) SCE - S.E.
(M) DMSO 0.4% 4 x 10"4 e
No DMSO 8.95 ± 0.67 22.70 - 1 .45
DMSO 0.5% 13.85 - 0.96
64 x 10~9 50.55 - 1.95 30.45 ± 1.39 67.65 1 5.95 <
32 x 10~9 36.60 - 1.60 28.05 - 1.86 45.17 i 5.38 <
16 x 10"9 22.15 - 0.87 35.55 1 1.71 33-94 - 4.84 =
CT\IOX00 15.65 - 1.04 25.70 - 2.11 28.32 - 5.82 =
< in e column symbolises observed < expected
























Preliminary Dicussion of ANT/EMS Results
It was found that ANT induces a substantial number of
SCEs at very low concentrations of the chemical (Table
4.4.1). While these experiments were in progress Brat and
Dosik (1979) reported that ANT induces SCEs in chromosomes
of Indian muntjac. Their paper was presumably in press
when Hurley and Petrusek (1979) reported that ANT binds
exclusively to the N-2 position of guanine and therefore
Brat and Dosik were unable to make the obvious conclusion
that 0-6-alkylG is not the only lesion involved in the
generation of SCE. The fact that ANT induces approximately
50 SCEs/cell at a concentration of 64 x 10 clearly sup¬
ports this conclusion. EM§ which does alkylate the 0-6
position of guanine, must be administered at a concentration
of 20 x 10 ^M to induce 50 SCEs/cell.
ANT plus EMS combined treatment was generally additive
with respect to SCE induction although some SCE values were
marginally lower than the expected values. This observation
corroborates the notion that ANT and EMS do not compete for
"SCE sites".
ANT/ENU Discussion
A detailed discussion of ANT and ENU interactions
will be given at the end of Section 5. The rather
spectacular discrepancy between the observed and the ex¬
pected SCE frequencies following combined ANT + ENU treat¬
ment led to re-investigation of the experiment (Experiment 6).
Section 5 of this Chapter deals with further experiments
involving combined treatment of CHO cells with ANT + ENU.
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CHAPTER 4
SECTION 5 SCE INDUCTION BY ANTHRAMYCIN AND ETHYL NITROSOUREA,
FURTHER INVESTIGATIONS.
Introduction
As was mentioned in the foregoing page, the very-
large discrepancy between the expected and the observed
SCE frequencies following ANT + ENU combined treatment
warranted further experiments (results of ANT + ENU are
given in Section 4, Table 4.4.6. and Figure 4.4.5.). Since
the effect of an EMS dose which induces approximately
20 SCEs/cell plus any ANT dose was additive with respect
to SCE induction (Table 4.4.5.), it did not seem unreasonable
to speculate that some kind of interactive inhibition had
occurred between ANT and ENU. To test this conjecture the
experiment was repeated but with a "split dose" treatment
in order to eliminate any extra-cellular ANT-ENU inter-
cations .
Results and Statistical Analysis of the Data
The results of ANT + ENU split dose experiments 1 to 4
are listed in Tables 4.5.1. to 4.5.4., adjacent to each
treatment protocol.
A t-test was applied to the data. The expected SCE
frequency for ANT + ENU treatment was calculated by pooling
ANT-and ENU-induced SCEs and correcting for (i.e. sub¬
tracting) the base-line SCE frequencies (pooled DMSO and
DMSO-free controls). The results of the statistical ana¬
lysis are presented in Table 4.5.5.
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Table 4.5.1. ANT + ENU Induced SCEs - Standard Error.
ANT and ENU were given either together during the 1st hour
of culture or as split doses separated by 2 hours in mutagen-
free conditions. Cells were harvested at 28 hours.
-7 -4
ANT concentration: 25 x 10 M; ENU concentration: 5 x 10 M











A E 44.50 + 1.94
- 1
E A 49.00 ± 3.33
A 50.20 ± 1.80
E 29.55± 1.02








Table 4.5.2. ANT + ENU Induced SCEs - Standard Error
ANT and ENU were given together during the 1st hour of
culture or as split doses separated by 2 hours in mutagen-
free conditions. Cells were harvested at 28 hours.
-7 -4
ANT concentration: 25 x 10 M; ENU concentration: 5 x 10 M










AE 44.40 ± 2.81
A E 45.15 ± 2.42
E A 58.00 ±2.96
A 43.00 ±1.60
E 2700+1.57




0/0 11. 20 ±0.65
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Table 4.5.3. ANT + ENU Induced SCEs - Standard Error
ANT and ENU were given either together during the 1st hour of
culture or as split doses separated by 2. hours in mutagen-
free conditions. Cells were harvested at 28 hours.
-7 -4
ANT concentration: 12.5 x 10 M; ENU concentration 4 x 10 M






























Table 4.5.4. ANT + ENU Induced SCEs - Standard Error.
ANT and ENU were given either together during the 1st hour
of culture or as split doses separated by 2 hours in mutagen-
free conditions. Cells were harvested at 28 hours.
-7 -4
ANT concentration: 6 x 10 M; ENU concentration: 4 x 10 M




A E 27.40 ±1.39
E/A














Table 4.5.5. Results of the Statistical Analysis (t test)
of ANT + ENU Split Dose Experiments.
E T
Observed Expected
SCE/cell (s2) SCE/cell (s2) t P
1 AE/0 40.05 (143.05) 12.64 p<0.001
A/E 44.50 ( 75.11) 71.60 (87.83) 11.73 p<0.001
E/A 49.00 (222.42) 8.47 p<0.001
2 AE/0 44.40 (157.62) 5.79 p<0.001
a/e 45.15 (117.19) 62.75(161.71) 5.69 p<0.001
E/A 58.00 (174.84) 1.48 p>0.050
3 AE/0 26.85 ( 26.34) 11.73 p<0.001
A/E 33.90 ( 51.88) 51.43 (80.85) 8.08 p<0.001
E/A 44.05 ( 50.47) 3.42 p<0.001
4 AE/0 21.25 ( 22.09) 5.28 p<0.001
A/E 27.40 ( 38.57) 31.16 (70.61) 1 .87 p>0.050
E/A 31-35 ( 38.13) 0.09 p>0.050
Column E lists the experiment numbers (which refer to the
Tables in this Section)
Column T gives the treatment protocol (see Tables in this
Section for Experimental Protocol)
Column t gives the t value obtained from the t-test analysis
Column p gives the significance levels.
For a description of the way in which the expected SCE/cell
values were derived, see p. 65.
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Preliminary Discussion of ANT/ENU Results
From the results obtained in this Section, it is
clear that the results obtained in Experiment 6, Section 4,
were not spurious results and that ANT and ENU combined
treatments have a blocking effect on SCE induction. One
can fairly safely rule out the possibility that ANT and
ENU had reacted extra-cellularly to give inert products
because (i) ENU plus ANT doses of 16 and 8 x 10 had
an additive effect on SCE induction (Table 4.4.6.);
(ii) ANT/ENU split dose experiments 1, 2, and 3 showed a
significant reduction in the observed SCE frequencies rela¬
tive to the expected SCE frequencies (Tables 4.5.1. to
4.5.3 and 4.5.5.).
The reasons for the discrepancy between the observed
and the expected results are -unclear. It is note-worthy
that E/A split dose treatment always gave a higher SCE
response than A/E split dose treatment. This may be partly
accounted for by the fact that ENU reacts very quickly with
DNA: a 1-hour treatment with ENU induces the same number
of SCEs/cell as a 24-hour treatment with the same dose of
ENU (Tables 4.3.1, 4.4.6. and 4.5.1-4.5.4). ANT, on the
other hand, has much slower binding kinetics (Hurley et al.,
1979a; also demonstrated by the fact that a 24-hour exposure
to 64 x 10 ANT induces approximately 50 SCEs/cell whereas
_7
a 1-hour exposure requires 25 x 10 M ANT to induce approxi¬
mately the same number of SCEs/cell). However, these con¬
siderations do not contribute to explaining why combined
treatment of ANT and ENU had an "inhibitory" effect on SCE
induction. An explanation of this effect will be offered
in the General Discussion of this Chapter.
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General Discussion for Chapter 4
The results presented in this Chapter indicate that
O-6-alkylG cannot be the only DNA lesion involved in the
generation of SCE. The qualitative and quantitative dif¬
ferences in DNA lesions produced by the agents studied are
so large that one would not expect an interactive effect
on the production of SCE when mutagens are administered in
pairs. One would expect combined treatments to be additive
with respect to SCE induction if (i) there is no competition
for "SCE sites" and (ii) lesions produced by one agent in
the pair are repaired via a different pathway from lesions
produced by the other agent in the pair. This expectation
was met for all pairs of mutagens except for MMS-and-X-rays
and ANT-and-ENU.
MMS plus X-ray interactions have been extensively dis¬
cussed in pages 41-43 of this Chapter. It was concluded
that the repair systems operating on MMS-induced lesions
and X-ray-induced lesions might "cross react" and thus lead
to fewer than expected SCEs when MMS and X-rays are given
in combination.
The finding that ANT plus ENU combined treatment yields
fewer than expected SCEs is rather more difficult to explain
than the MMS/X-ray results because very little information
is available in the literature on anthramycin. Buckley et
al. (1979) reported that rats fed on a diet supplemented
with the carcinogen acetyl-aminofuorene exhibited enhanced
repair (in liver) of 0-6-methylG resulting from an injection
with dimethylnitrosoamine. Though their interpretations of
their findings are subject to debate (Cleaver and Kaufmann,
1980), their results raise an interesting possibility. In
1976 Westra et al. isolated the persistent DNA-acetyl-amino-
fluorene adduct which had been reported by Kreik (1972) and
showed that it was N-2-(2acetyl-aminofluoren-3-yl)guanine.
Although this product accounts for only 20$ of the DNA ad-
ducts identified after treatment with acetyl-aminoffuorene, it
persists for over 8 weeks in rat liver (Kreik, 1972). Re¬
moval of ANT-DNA adducts is also a slow process (Hurley and
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Petrusek, 1979). It is tempting to draw an analogy between
the findings of Buckley et al. (1979) and the one obtained
in the present study and suggest that perhaps ANT induces
an enzyme capable of rapidly removing the 0-6-ethylG pro¬
duced by ENU. The decrease below"the expected SCE frequency
would be significant for ANT plus ENU combined treatments
but not for ANT plus EMS combined treatments because the
amount of 0-6-ethylG produced by EMS is 25 times lower
than that produced by ENU (Sun and Singer, 1975).
The explanation advanced in the foregoing paragraph
accounts for the observation that ENU/ANT split dose
treatment yields higher SCE frequencies than ANT/ENU
split dose treatment since cells exposed first to ENU
would have time to synthesize some DNA (and presumably
initiate SCE) before the 0-6-ethylG excision enzyme
dependent on ANT addition (which occurs at hour-4) could
remove the ethylated bases. Why ANT + ENU/0 induced SCE
frequencies are always lower than ANT/ENU induced SCE
frequencies is not clear. At present no reasonable ex¬
planation involving enzyme induction can be offered. The
observation that ANT + ENU combined treatment induces SCE
frequencies within the expected range at ANT concentrations
—9
of 16 and 8 x 10 M cannot be explained. These results
await more data on the repair of ANT-induced DNA lesions.
In conclusion, it appears from the findings obtained
in this study that 0-6-alkylG is certainly not the only
lesion involved in the generation of SCE by alkylating
agents. The formation of covalently bound ANT-DNA complexes
at the N-2 position of guanine (Hurley and Petrusek, 1979)
results in the generation of many SCEs per cell. ANT is
an interesting drug in that, like 7,12-dimethylbenz[a]anthracene
(Jeffrey et al., 1976a), acetyl-aminofluorene(Westra et al.
1976), benzo[a]pyrene (Osborne et al., 1976, Weinstein et
al., 1976), it forms adducts with DNA at the N-2 position
of guanine. ANT however does not require metabolic act¬
ivation for SCE-induction (since it induces SCE in CHO cells
which require S9-mix to activate pro-mutagens). In this
respect ANT behaves like the direct-acting alkylating agent
-73-
7-bromomethylbenz[a]anthracene which also alkylates the
N-2 position of guanine (Dipple et al., 1971, Rayman and
Dipple, 1973a,b) as well as other sites. The results ob¬
tained for ANT + ENU combined treatment should be more
precisely interpretable once biochemical data are obtained
for ANT repair pathways.
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CHAPTER 5
DOWN'S SYNDROME:- EFFECTS OF BLEOMYCIN AND MITOMYCIN C
ON SCE INDUCTION AND CELL CYCLE KINETICS
Introduction
Cells (lymphocytes and fibroblasts) from individuals
with Down's syndrome (DS), characterized karyotypically
by the presence of trisomy 21, _Jexhibit a greater
response to the induction of chromosomal aberrations by
ionizing radiation than cells from karyotypically normal
individuals (Dekaban et al., 1966, Evans and Adams, 1973,
KuSerova, 1967, KuSerova and Polikova, 1978, Lambert et al.,
1976, Sasaki et al., 1970, Sasaki and Tonomura, 1969).
Surprisingly little work has been done on DS response to
agents other than ionizing radiation. O'Brian et al. (1971)
reported DS hypersensitivity to 7,12-dimethylbenz[a]anthracene-
induced aberrations. DS lymphocytes were also shown to be
hypersensitive to aberration-induction by N-methyl-N-nitro-
sourea (Kaina, 1977, Kaina et al., 1977) and UV (Lambert et
al., 1976). However, Kucerova and Polikova' (1978) reported
normal levels of mitomycin C (MMC)-induced aberrations and
SCEs in DS lymphocytes. In view of the conflicting findings
on DS sensitivity to chromosomal aberration induction by
chemical mutagens, the present study was undertaken to in¬
vestigate the effects of bleomycin (BLM), an agent that has
some similarity to X-rays in its effects on chromosomes, on
SCE induction in DS lymphocytes (for a description of the
cytogenetic effects of BLM see Chapter 3, pp. 26, 27). As
was dicussed in Chapter 3, the association of SCEs and aber¬
rations is by no means a strong one. However, since aber¬
rations are sometimes associated with SCE, it seemed of
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interest to investigate whether radiosensitivity of DS
lymphocytes could be matched by an enhanced response after
exposure to the radio-mimetic agent BLM.
DS lymphocyte sensitivity to._MMC induced SCEs was in¬
cluded as a negative control (after the findings of Ku&erova'
and Polikova, 1978). In order to ensure that the cell pop¬
ulations sampled for SCE scoring were comparable, the
frequencies of first, second and further divisions (M1, M2,
and = M3, respectively) were scored in each culture. This
part of the study seemed of particular importance because
Taylor et al. (1979) reported that ataxia telangiectasia
(AT) fibroblasts are more sensitive to the cytotoxic and
clastogenic effects of BLM than normal cells. AT cells
have also been shown to be hypersensitive to cell killing
and aberration induction by ionizing radiation (Higuraishi
and Conen, 1973, Hoar and Sargent, 1976, Paterson et al.,
1975, Taylor et al., 1975, 1976).1
Materials and Methods
Drs. William Campbell and Marjorie Newton (MRC Clinical
and Population Cytogenetics Unit, Edinburgh) kindly pro¬
vided venous blood samples from five male DS patients and
their carefully matched chromosomally normal but mentally
retarded male controls from the same institution. One
individual in this study was receiving medication at the
time of blood sampling. This subject, DS 3, was a diabetic
receiving insulin and metformin in standard therapeutic
doses. All five DS subjects were of the standard type of
trisomy 21. One of the controls, unfortunately, was ascer¬
tained to be a Kleinfelter individual in the course of
this study (control 2). Sasaki et al. (1970) reported that
lymphocytes of individuals with the XXY chromosome con¬
stitution showed an enhanced response to aberration induction
1. The reader is referred to recent papers by Bridges and
Haraden (1981) and Paterson and Smith (1979) for futher dis¬
cussion of AT.
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by ionizing radiation. However, Evans and Adams (1973)
challenged this claim and reported that XXY and XY cells
had similar responses to X-irradiation. In this study
the XXY cells behaved in much the same way as XY cells
in their response to BLM and MMC.
Prom each blood sample twelve whole blood cultures
were set up (see Chapter 2). One culture from each subject
remained untreated and was used as the control for that
subject. Five cultures from each subject were exposed for
72 hours each to one of the following MMC concentrations:
3 x 10~8M, 5 x 10"8M, 8 x 10~8M, 9 x 10~8M and 1 x 10~7M.
The remaining six cultures from each subject were exposed
for 72 hours each to one of the following BLM concentrations:
1.25 x 10~7M, 2.5 x 10"7M, 5 x 10~7M, 1 x 10~6M, 1.5 x 10"6M
and 2 x 10-8M. Cells were harvested at 72 hours as described
in Chapter 2. It is important to note that all 120 cultures
were set up and harvested at the same time with a view to
eliminating small but perhaps noticeable inter-experimental
differences.
SCEs were scored for four DS subjects and their matched
controls (all 12 cultures of one DS having failed to trans¬
form). The frequency of M1, M2 and =M3 (first, second and
further divisions, respectively) cells were scored for
three DS subjects and their matched controls.
Results and Statistical Analysis of the Data
The results for BLM and MMC SCE induction in DS and
control lymphocytes are presented in Tables 5.1. and 5.2.
DS lymphocyte cultures are referred to as DS-1, DS-2, DS-3
and DS-4. Lymphocyte cultures C-1, C-2, C-3 and C-4 refer
to lymphocyte cultures established from blood samples
drawn from the respective controls to the DS individuals.
A t test analysis was performed to test for differences in
response to BLM and MMC SCE-induction responses between DS
and control lymphocytes. The results of this analysis are
also tabulated in Tables 5.1. and 5.2.
Tables 5.3. and 5.4. list the frequencies of M1, M2, and = M3
cells in each culture.
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Table 5.1. Mean SCE/Cell - Standard Error (S.E.) of Down's (DS)







SCE/cell - S.E. S
0 DS-1 5.95 ± 0.42 C-1 6.15 - 0.48
DS-2 5.20 - 0.55 C—2 7.45 - 0.70 t= 2.89
DS-3 5.10 - 0.47 C-3 6.95 1 0.60 p<0.010
DS-4 4.65 - 0.53 C-4 4.90 - 0.49
1 .25 DS-1 7.00 - 0.81 C-1 5.55 1 0.52
DS-2 4.85 - 0.48 C-2 5.45 1 0.63 t= 0.47
DS-3 6.65 ± 0.75 C-3 5.95 - 0.43 p>0.050
DS-4 5.15 - 0.41 C-4 5.90 ± 0.60
2.50 DS-1 6.80 - 0.64 C-1 5.55 - 0.54
DS-2 6.75 - 0.61 C-2 5.30 - 0.48 t= 2.34
DS-3 6.20 - 0.52 C-3 5.90 - 0.41 p<0.020
DS-4 6.45 - 0.60 C-4 S.F.
5.00 DS-1 5.85 - 0.59 C-1 6.85 - 0.58
DS-2 5.55 ± 0.57 C-2 5.65 - 0.44 t= 0.64
DS-3 7.15 - 0.77 C-3 5.10 - 0.52 p>0.050
DS-4 S.F. C-4 S.F.
10.00 DS-1 7.65 - 0.66 C-1 7.20 - 0.69
DS-2 6.55 ± 0.57 C-2 6.80 - 0.72 t= 0.26
DS-3 5.75 - 0.65 C-3 7.00 - 0.83 p>0.050
DS-4 7.50 - 0.72 C-4 S.F.
15.00 DS-1 6.80 - 0.78 C-1 5.17Ai 0.55
DS-2 7.532i 0.94 C-2 6.80 - 0.48 t=1.07
DS-3 6.55 - 0.80 C-3 7.10 - 0.65 p>0.050
DS-4 7.00 - 0.62 C-4 6.50 - 0.58
20.00 DS-1 U C-1 U
DS-2 U C-2 6.70 - 0.77 t= 3-70
DS-3 7.85 - 0.62 C-3 6.50 - 0.73 p<0.001
DS-4 8.75 - 0.57 C-4 5.20 - 0.49
The S column lists the t values and the significance levels
S.F., staining failure; i, n=l8cells; s, n=15cells;






Table 5.2. Mean SCE/Cell - Standard Error (S.E.) of Down's (DS)







SCE/cell - S.E. S
0 DS-1 5.95 - 0.42 C-1 6.15 - 0.48
DS-2 5.20 - 0.55 C-2 7.45 - 0.70 t= 2.89
DS-3 5.10 - 0.47 C-3 6.95 - 0.60 p<0.01 0
DS-4 4.65 - 0.53 C-4 4.90 - 0.49
3.00 DS-1 21.35 - 0.97 C-1 17.90 - 1.07
DS-2 21.45 - 1.08 C-2 17.85 - 0.89 t= 4.11
DS-3 20.80 - 1.04 C-3 19.30 i 1.19 p<0.001
DS-4 19.35 - 0.93 C-4 16.15 - 0.82
5.00 DS-1 29.05 - 1.41 C-1 24.50 - 1.39
DS-2 27.25 - 1.29 C-2 26.80 - 1.01 t= 0.58
DS-3 25.85 - 1.13 C-3 29.20 - 1.12 p>0.050
DS-4 23.50 - 1.07 C-4 23.10 - 0.91
8.00 DS-1 43.25 - 1.87 C-1 36.35 - 2.05
DS-2 34.70 - 1.33 C-2 33.10 - 0.91 t= 0.64
DS-3 28.50*- 1.33 C-3 35.10 - 1.92 p>0.050
DS-4 29.35 - 1.22 C-4 27.95 - 1.10
9.00 DS-1 46.75 - 1.74 C-1 38.85 - 1.51
DS-2 38.65 - 1.29 C-2 36.35 1 1.63 t= 3-60
DS-3 45.05 - 1.62 C-3 42.95 1 2.00 p<0.001
DS-4 38.85 ± 1.19 C-4 33-80 - 1.11
10.00 DS-1 U C-1 44.00 - 1 .84
DS-2 45.05 - 2.02 C-2 37.45 - 1 .32 t= 1.94
DS-3 46.35 - 1.61 C-3 47.15 - 2.62 p>0.050
DS-4 39.00 - 1.17 C-4 32.90 - 1 .81
The S column lists the t values and the significance levels

















Figure 5.2. Mean SCE/Cell in Cultures of Down's
Syndrome and Control Lymphocytes Exposed to MMC










Table 5.3* Percent Frequencies of First, Second, and Further
Divisions (Ml, M2, = M3, respectively) in BLM-Treated Cultures
of Three Down's (DS) Subjects and Their Matched Controls (C).











0 DS—1 28 42 30 C-1 10 32 58
DS-2 16 34 50 C-2 8 26 66
DS-3 14 34 52 C-3 34 28 38
1.25 DS—1 20 40 40 C-1 6 34 60
DS-2 16 54 30 C-2 10 36 54
DS-3 22 42 36 C-3 20 40 40
2.50 DS—1 14 44 42 C-1 22 44 34
DS-2 8 18 74 C-2 22 48 30
DS-3 6 54 40 C-3 52 26 22
5.00 DS—1 34 38 28 C-1 26 34 40
DS-2 26 36 38 C-2 18 40 42
DS-3 16 44 40 C-3 22 50 28
10.00 DS-1 6 38 56 C-1 10 32 58
DS-2 20 28 52 C-2 14 26 60
DS-3 12 22 66 C-3 10 36 54
15.00 DS-1 16 42 42 C-1 22 26 52
DS-2 24 34 42 C-2 414 82
DS-3 18 24 58 C-3 16 36 48
20.00 DS-1 38 42 20 C-1 24 42 34
DS-2 30 40 30 C-2 18 26 56
r
DS-3 18 46 36 C-3 18 44 38
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Table 5.4. Percent Frequencies of First, Second, and Further
Divisions (M1, M2, = M3, respectively) in MMC-Treated Cultures
of Three Down's (DS) Subjects and Their Matched Controls (C).











0 DS-1 28 42 30 C-1 10 32 58
• DS-2 16 34 50 C-2 8 26 66
DS-3 14 34 52 C-3 34 28 38
3.00 DS-1 36 42 22 C-1 14 58 28
DS-2 16 38 46 C-2 8 46 46
DS-3 30 38 32 C-3 22 52 26
5.00 DS-1 34 36 30 C-1 30 58 12
DS-2 34 38 28 C-2 20 52 28
DS-3 24 48 28 C-3 32 42 26
8.00 DS-1 34 44 22 C-1 32 58 10
DS-2 34 40 26 C-2 16 58 26
DS-3 42 38 20 C-3 38 40 22
9.00 DS-1 38 40 22 C-1 36 54 10
DS-2 46 38 16 C-2 28 56 16
DS-3 36 44 20 C-3 40 44 16
10.00 DS-1 92 8 0 C-1 34 58 8
DS-2 74 20 6 C-2 28 62 10
DS-3 54 38 8 C-3 38 50 12
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Discussion
In this study Down's syndrome lymphocytes exhibited
significantly fewer SCEs per cell--than control lymphocytes
(Table 5.1). This observation is in disagreement with those
of other authors (Kucerova and Polikova, 1978, Lezana et al.,
1977, Yu and Bor-ganokar, 1977). However, this difference
may be a spurious one since the number of individuals (eight)
sampled in this study was small.
After the completion of this study Crossen and Morgan
(1980) published results indicating that DS-lymphocyte SCE
frequency was significantly increased by 50 rad X-rays
whereas 100 rad were required to produce a detectable in¬
crease in control lymphocytes. However, these authors ir¬
radiated the lymphocyte cultures at 44-hours after PHA
stimulation. There is now good evidence from studies under¬
taken to compare cell cycle time in normal and DS lympho¬
cytes and fibroblasts that DS cells cycle differently from
normal cells (Kishi, 1977, Kukharenko et al., 1974, Paton
et al., 1974, Segal and McCoy, 1973). As was pointed out
in Chapter 1, the cell cycle stage in which cells are
damaged is a critical factor in determining the SCE frequency
observed. Therefore, it is possible that the hypersensitivity
of DS lymphocytes to X-ray induced SCEs reported by Crossen
and Morgan might be accounted for by differences in cycling
states of DS and normal lymphocytes at the time of ir¬
radiation.
As expected from the findings of Kucerova' and Polikova'
(1978), DS lymphocytes exhibited no consistent increase in
MMC-induced SCEs (Table 5.2., Figure 5.2.). The results
in the present study also indicate that there is no dif¬
ferential effect of MMC on the cell cycling kinetics be¬
tween DS lymphocytes and similarly treated control lympho¬
cytes (Table 5.4.).
With regard to BLM-induced SCEs, the response of DS
lymphocytes did not consistently differ from that of control
lymphocytes (Table 5.1., Figure 5.1.). The results obtained
for the effects of BLM on cell cycle kinetics show that large
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inter- and intra-individual differences exist in cultures
sampled at a given time (Table 5.3.). Results obtained by
Purrott et al. (1980) suggest that X-rays cause drastic
shifts in M1, M2, and M3 populations of lymphocytes. This
effect has also been demonstrated by Craig-Holmes and Shaw
(1977) for lymphocytes exposed to chemical mutagens. These
authors also reported large inter-individual differences
with respect to MMC-induced cell cycle delay. Furthermore,
inter- and intra-individual differences have been reported
in FPG cell cycle studies in untreated lymphocytes (Bianchi
and Lezana, 1976, Crossen and Morgan, 1977, Craig-Holmes
and Shaw, 1977). The results obtained in this study are
in agreement with the above-mentioned findings. Although
it was not possible statistically to analyse the data
because of the small sample size ( three DS and three control
individuals), it is clear that the proportion of second
division cells available for SCE analysis varies from donor
to donor. Futhermore, the proportion of second division
cells in cultures from one donor does not consistently de¬
crease with increasing concentration of mutagen and in fact
sometimes exceeds the proportion of cells in the untreated
culture (Tables 5.3. and 5.4.). This observation raises the
following questions: are inter-culture differences with
respect to the proportion of second division cells due to
(1) "normal" variation?
(2) differential cell killing of a subpopulation of
lymphocytes?
(3) alterations in the cell cycle length (which may [Ockey,
1977] or may not [Beek and Obe, 1979] affect SCE
frequencies)?
It would be of interest to investigate these questions in
order to ensure that valid comparisons can be made between
groups of individuals.
In conclusion, lymphocytes of DS individuals do not
differ significantly from lymphocytes of control individuals
in their response to SCE induction by BLM and MMC. In view
of the pronounced inter- and intra-individual differences
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with respect to the proportion of second division cells
available for SCE scoring, further studies ought to be
carried out in order to ensure that SCE frequencies of
DS and control lymphocytes are directly comparable. How¬
ever, due to the fact that DS and control donors could not
be regarded strictly as willing participants in the study,
it was considered unethical to continue these experiments.
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CHAPTER 6
GAMMA-IRRADIATION OF HUMAN PERIPHERAL LYMPHOCYTES;
EFFECTS OF LOW AND PROLONGED IRRADIATION ON SCE INDUCTION
Introduction
X-rays have been shown to induce chromosomal aber¬
rations much more efficiently than SCEs (Perry and Evans,
1975, Pant et al., 1976). Detection of low levels of
ionizing radiation induced damage has been successfully
investigated in vitro using aberrations as an index of
damage (Ku&erova et al., 1972, Luchnik and Sevankaev, 1976,
Pant et al., 1976, Schmickel, 1967). In a paper presented
at the 14th International Congress of Genetics, Moscow,
1978, Serra et al. reported a significant average increase
of SCEs per cell in lymphocytes of a group of subjects ex¬
posed continuously to small doses of radiation. The report
by Serra et al. was surprising in the context of previous
demonstrations that acute X-ray exposure in vitro is inef¬
ficient in elevating SCE frequencies (Perry and Evans, 1975,
Pant et al., 1976). Their finding, however, if confirmed,
could have far-reaching consequences both in terms of our
understanding of mechanisms involved in SCE formation and,
in particular, in terms of the use of the SCE end-point as
a simple method for monitoring chronic exposure of man to
low doses of X-rays.
An experiment was designed to investigate in vitro
the in vivo observations of Serra et al. (1978). It also
seemed worthwhile to investigate at the same time whether
low but prolonged doses of radiation might increase the
SCE frequency of cycling cells. The interest in this
question was sparked by the finding of Perry and Evans(1975)
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that in synchronized CHO cells, S-irradiated cells had a
significantly higher SCE frequency of SCEs per cell than
G1-irradiated cells.
Stimulated and unstimulated 4-y^phocytes were continu¬
ously irradiated over a 5-hour period with a low gamma-emit¬
ting Cobalt 60 source. Although it is generally accepted
that valid comparisons between in vivo and in vitro results
can be achieved only if lymphocytes are irradiated at 37*C
prior to PHA stimulation (Lloyd et al., 1975), the experiment
described below was also designed to consider the SCE
inducing effects of continuous low doses of radiation on
stimulated lymphocytes in various stages (G1 to early-S)
and therefore PHA was added to some of the cultures.
Materials and Methods
Venous blood was obtained from a healthy female donor.
In order to irradiate all cultures at the same time it was
necessary to set up and harvest the cells at 10-hourly
intervals (see Chapter 2 for procedures). The irradiation
and culture schedule are diagrammed below.
Figure 6.1. Irradiation and Culture Schedule.
Staggered setting up and harvest times were used in this
experiment. Cultures were irradiated simultaneously for
for five hours with a Cobalt 60 gamma source. PHA was
added at time 0, colchicine at 70 hours and the cells
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The cultures were irradiated with a Cobalt 60 source
(6.1 mrad/hour at 1m). All cultures were irradiated at
the same time for five hours. In order to ensure con¬
tinuation of "normal" processes during this long irradiation
period, it was necessary to maintain the cells in warm
medium. This was achieved by placing the culture vessels
and the source in a 37"C water-bath. The source was en¬
cased in a specially-made perspex holder and positioned in
the middle of the water-bath. The cultures were placed
around the source at premarked locations. Dr. David Bonnet,
of the MRC Cyclotron Unit, Edinburgh, very kindly carried
out the irradiation, having calculated and checked the dose
rate received by each culture. The table below gives details
of the dose rate and range received by each culture.
Table 6.1. Dose Rate and Range of Gamma-Rays Received by
Each Culture at a Given Distance from the








1, 4, 7, 10 17.20 cm 1 rad/hr 1.2 to 0.8 rad/hr
2, 5, 8, 11 8.80 cm 5 rad/hr 7.0 to 3.6 rad/hr
3, 6, 9, 12 4.45 cm 20 rad/hr 38 to 12 rad/hr
Owing to the now well-established properties of BUdR
as a radiosensitizing agent (see Chapter 1), it was thought
better to add BUdR immediately after irradiation. Exception
was made for culture 1, 2, and 3 where BUdR was added at
the time of PHA stimulation (hour-0) because it was expected
that a large proportion of cells would be beginning DNA
synthesis by 25 to 30 hours (Wolff, 1969). Care was taken
to ensure that irradiation proceed in the dark in order to
avoid photolysis of the BUdR-substituted DNA in cells which
might have incorporated some BUdR (Ikushima and Wolff,1974).
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Results
Table 6.2. Mean SCE/Cell - Standard Error (S.E.) After
a Five-Hour Exposure to Low Doses of Gamma-Rays,
Culture Irradiation Total SCE/cell - S.E.
No time (hrs) Dose (n = 20 cells)
1 25 to 30 5 rad 6.40
+
0.65
2 after PHA 25 rad 6.50
+
0.39
3 100 rad 7.20
+
0.56
4 15 to 20 5 rad 6.15
+
0.48
5 after PHA 25 rad 7.10
+
0.67
6 100 rad 7.00
+
0.55
7 5 to 10 5 rad 6.55
+
0.55
8 after PHA 25 rad 6.90
+
0.55
9 100 rad 7.00
+
0.61
10 5 5 rad 6.40
+
0.54
11 before PHA 25 rad 5.20
+
0.43






No significant difference between any of the mean SCE
frequencies of irradiated cultures and the mean frequency
of the control culture was found after a t-test analysis
was performed on the data (p>0.050).
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Discussion
Rapid repair of low LET radiation damage is a generally
accepted phenomenon. Although different authors (Countryman
and Heddle, 1976, Lett et al., 1967, Linieki et al., 1977,
Prempree and Merz, 1969, Regan and Setlow, 1974, Wolff, 1972)
disagree in their estimates of rejoining time (these differ¬
ences are partly accounted for by variation in the irradiation '
protocol, the method used to quantitate rejoining time, and
the type of cells used), rejoining time has not been reported
to last longer than five hours (for GO-irradiated lympho¬
cytes). Ionizing radiation damage is repaired by short-
patch repair involving insertion of very few nucleotides
(Regan and Setlow, 1974). Futhermore, it has been clearly
demonstrated in vitro that the SCE frequency is not ap¬
preciably increased until high doses of radiation are used
and that at these doses the increase in aberration frequency
is much more pronounced (Abramovsky et al., 1978, Pant et al.,
1976, Perry and Evans, 1975, Solomon and Bobrow, 1975). It
should be pointed out that in all of these experiments ir¬
radiation was carried out on unifilarly BUdR-substituted
chromatids and that it is possible that the observed SCEs
were a result of the radiosensitizing effect of BUdR (e.g.
Wolff and Fijtman, 1981, for further discussion see Chapter
1, Section C (i): BUdR-induced SCEs).
The results obtained in the present study demonstrate
that there is no change in the SCE frequency of human
lymphocytes irradiated in vitro with long exposures to
low levels of gamma-radiation. This result is in disagreement
with the in vivo results of Serra et al. (1978). However,
in view of the enormous amount of evidence for rapid re¬
joining of radiation induced breaks, it seems unlikely that
lesions induced iji vivo (Serra et al., 1978) would remain
unrepaired and "express" their existence through an increase
in the SCE frequency after PHA stimulation in vitro. This
contention is substantiated by the findings of Littlefield
et al (1979) which appeared shortly after the completion of
the present study. Littlefield et al. reported no increase
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in the SCE frequency of GO-irradiated human lymphocytes.
These authors pointed out that in vivo irradiation causes
damage to GO lymphocytes which have not incorporated BUdR
into their DNA. This is an important point in view of the
fact that no increase in the SCE frequency was observed
in G1 and early-first-S-irradiated lymphocytes (Table 6.2.).
Perry and Evans (1975) demonstrated a significant in¬
crease in SCE frequency of synchronized CHO cells irradiated
during S over the SCE frequency of similarly irradiated G1
cells. The differences between the S-irradiation-SCE
frequency and the G1-irradiation-SCE frequency were small
but significant within the 0 to 100 rad dose range (Perry
and Evans found no increase in the SCE frequency of G2-
irradiated cells). Perry and Evans speculated that the
lesions induced by radiation which resulted in SCEs were
long-lived lesions, presumably not single strand breaks.
However, these authors irradiated G1 cells which had already
replicated once in the presence of BUdR and S cells which
were incorporating BUdR for the second time. BUdR-sub-
stituted DNA is more sensitive than native DNA to radiation
damage (e.g. Wolff and Fijtman, 1981). Furthermore, Kato
(1980) presented convincing evidence for a direct cor¬
relation between the number of replication forks and SCE
induction by fluorescent light which causes breaks in BUdR-
substituted DNA strands. The enhanced SCE frequency in
S-irradiated cells with respect to G1-irradiated cells can
be more easily explained by a combination of BUdR radio-
sensitization and a "replication fork effect" than by the
postulation of long-lived X-ray-induced lesions. The present
findings support this conjecture. The failure to observe
an increase in the SCE frequency of early-S-irradiated cells
(25 to 30 hours after PHA stimulation) can be attributed to
the fact that these cells had not previously incorporated BUdR
and that the gamma-radiation doses were small and of. low
intensity. The G1-irradiated lymphocytes exhibited no in¬
crease in SCE frequency (Table 6.2.) presumably because they
were not hypersensitive to radiation (since BUdR was added
after irradiation of these cells) and because rapid-repair
-90-
could have intervened to rejoin any "breaks present.
In conclusion, it is improbable that the SCE end-
point could be used to monitor chronic exposure of man to
low levels of ionizing radiation. It also seems likely
that some of the X-ray-induced SCEs reported by other
authors (Abramovsky et al., 1978, Pant et al., 1976,
Perry and Evans, 1975, Solomon and Bobrow, 1975) could be






Hydralazine (HYD) is a widely used hypotensive agent
which ha.s the unfortunate side-effect of inducing in some
patients symptoms which closely resemble those of systemic
lupus erythematosus, SLE (Alarctfn-Sergovia et al., 1965,
Dustan et al, 1954, Condemi et al, 1967, Erikson et al., 1956,
Muller et al., 1955). Acetylated derivatives of HYD are
excreted in the urine (Reindenberg et al., 1973) and it has
been suggested that HYD induced SLE might occur with higher
frequency in slow-acetylators (Perry et al., 1970, Drayer
and Reindenberg, 1977). However, it has also been suggested
that the acetylator-type might be irrelevant to the processes
which govern the induction of lupus by HYD (Zacest and
Kock-Weser, 1972).
Shaw et al. (1979) reported that hydralazine causes
base-pair substitution mutations in Salmonella. It seemed
therefore of interest to investigate first whether HYD was
capable of increasing SCE levels and second whether it would
be possible to detect patients at risk of developing HYD
induced SLE, perhaps through looking for an above-control
sensitivity to SCE induction by HYD.
The data which were collected to answer the first
question are presented and discussed in the reprint of a
paper which appeared in Mutation Research (see Appendix).
Having established that HYD induces small but consistent
increases in SCE frequency, it seemed worthwhile to in¬
vestigate the second question. An ethically acceptable
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approach to answering this question presented itself when
I was given blood samples from a patient with HYD induced
lupus. The in vitro response of the lymphocytes of this
patient to HYD was investigated.
Materials and Methods
Blood samples from the HYD induced lupus patient were
kindly provided by Dr. Paul Williams (Western General Hospital,
Edinburgh). At the time when these experiments were per¬
formed it was not possible to obtain blood from a sex and
age matched control who had undergone HYD therapy without
ill-effects but whose HYD course had been discontinued two
years ago, as in the case of the patient described here.
One of the controls, BF, was a healthy male (sex matched).
The other control was donor 1, female, from the published
experiments. Two independent experiments were performed.
In both instances the protocol followed that detailed in
the publication (see Appendix): the cells were exposed to
HYD for the first 24 hours of culture and were harvested at
72 hours.
Results and Statistical Analysis
The results from the two experiments described above
are presented in Table 7.1. A *-test was applied to the
data in order to compare the response of the lymphocytes
of the HYD patient with those of the controls' lymphocytes
to SCE induction by HYD. The data from the two experiments
were pooled for this analysis and are presented in Table
7.2.
The frequencies of first, second and further division
cells (M1, M2, and = M3, respectively) were scored for each
culture to determine the effects of HYD on cell cycle kinetics.
















































































































































































































































Table 7.2. In Vitro Induction of SCEs by HYD in Lymphocytes
of a HYD Induced SLE Patient and Control (C)









0 SLE 7.725 (11.28) p>0.050
C 7.950 (11.59)
1 x 10~6M SLE 8.425 (17.38) p>0.050 p>0.050
C 9.125 (14.56)
5 x 10"6M SLE 8.575 ( 8.15) p>0.050 p>0.050
c 8.275 (13.19)
1 x 10~5M SLE 10.350 (16.34) p <0. 01 0 p<0.010
c 8.213 (12.75)
5 x 10~5M SLE 10.850 (14.28) p<0.010 p<0.010
C 8.588 (13.26)
1 x 10~4M SLE 11.050 (12.20) p<0.010 p>0.050
C 9.988 (12.67)
5 x 10_4M SLE 13.650 (25.36) p<0.010 p>0.050
C 12.400 (13.74)
1 x 10 SLE 16.240 (43.94) p<0.010 p>0.050
C 15.788 (24.55)
HYD(-) symbolises untreated lymphocytes; HYD(+) symbolises
HYD-treated lymphocytes
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Table 7.3. Frequencies of First, Second and Further Divisions
(Ml, M2, and = M3, respectively) in HYD-Treated and
Untreated Lymphocyte Cultures from a HYD Induced
Lupus Patient (SLE) and His Controls (BF and
Donor 1 ) . v,
The data are base on observation of 50 randomly
selected metaphases.
HYD PERCENT FREQUENCIES
Treatment SLE BF Donor 1
(M) M1 M2 =M3 M1 M2 =M3 M1 M2 =M3
0 6 30 64 22 46 32 18 30 52
1 x 10-6 8 42 50 22 48 30 30 40 30
5 x 10~6 8 48 44 18 54 28 30 46 24
1 x 10~5 16 42 42 20 52 28 20 38 42
5 x 10~5 26 42 32 24 42 34 34 42 24
*3-ioi—X 26 56 18 20 56 24 46 30 24
-4
5 x 10 44 52 4 50 44 6 50 50 0
X o
I UJ 70 30 0 90 10 0 88 12 0
Discussion
The findings of this study indicate that lymphocytes from
a hydralazine induced SLE patient are more sensitive to SCE
induction by HYD than similarly treated control lymphocytes.
The hypersensitivity of the cells from the patient was mani¬
fested by a significant increase in the SCE frequency at HYD
concentrations which caused no increase in the SCE frequency
of similarly treated control cell (-Table 7.2.). However, at
concentrations sufficient to increase the SCE frequencies of
control lymphocytes, no difference between the SLE and the
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control lymphocytes was noted (Table 7.2.). Unfortunately,
no interpretable results could be obtained on the effects
of HYD on cell cycle kinetics (Table 7.3.)• The reasons
for the observed differences in the response to HYD treat¬
ment remain unclear. This problem will remain intractable
until hydralazine's mode of action has been fully elucidated.
The results presented in this study must be regarded
with scepticism because only one HYD induced lupus individual <
was tested. It is unfortunate that better controls could
not be obtained for this study and that it was impossible
to get samples from other HYD induced lupus individuals.
One can only point out that in this case a difference with
respect to HYD induced SCEs was detected between the lupus
patient's lymphocytes and his controls' lymphocytes. An
extensive study will need to be performed in order to
ascertain whether the difference picked up in this study is
a true difference or merely a spurious result.
In conclusion, the observation that lymphocytes of a
hydralazine sensitive individual are more susceptible to
SCE induction by HYD raises the possibility that the SCE
end-point might be used to identify individuals at risk of contracting HYD
induced lupus. However, in the light of the results presented in Chapter 5,
this suggestion must be regarded with caution since it was demonstrated




It is incontrovertible that the detection of SCE can
only further our knowledge of cellular processes. Of course,
it is also indisputable that the information gained from work
on SCE would be greatly enhanced if the mechanism for its
formation were fully understood. Because SCE has been used
most frequently as an index of DNA damage, attempts have been
made to correlate SCE induction with mutagenicity of established
DNA damaging agents. Unfortunately, the correlation between
SCE induction and the DNA damaging properties of the classical
mutagen, ionizing radiation, is at best a poor one. With some
chemical mutagens, however, there appears to be a linear re¬
lation between the induction of SCEs and mutations at the
hypoxanthene-guanine phosphoribosyltransferase locus in CHO
cells (Carrano et al., 1978). However, the ratio of induced
SCEs to induced mutations is different for different chemicals
(Carrano et al., 1978). This may be in part due to the fact
that the agents used in the study of Carrano et al. (mono-
functional alkylating agents: ethyl methanesulfonate, ethyl
nitrosourea; bifunctional alkylating and crosslinking agent:
mitomycin C; intercalating agent: proflavine) produce dif¬
ferent lesions in DNA. In a paper recently accepted by
Nature Evans and Vijayalaxmi have reported that the incidence
of 8-azaguanine-resistant cells increases in a dose-dependent
manner in lymphocytes exposed in vitro to mitomycin C and
that this increase is paralleled by an increase in the SCE
frequency in the same cell population. These authors suggest
that SCEs and 8-a.zaguanine-resistance are both consequences
or end-points of the interaction of MMC with DNA. However,
they remark that 8-azaguanine resistance is not necessarily
due to a mutation. As has been demonstrated in the ex¬
periments presented in Chapter 4, there is not a. strict
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relation between SCE induction and aJ.kyi.ati on. of the 0-6
position of guanine which is thought to be one of the im¬
portant lesions involved in mutagenesis. Therefore it is
not surprising that comparisons between SCE induction and
mutation induction are not as straight forward as one
might hope they would be.
SCEs and chromosomal aberrations are not directly
comparable end-points since agents such as X-rays and BLM
induce vast quantities of aberrations but few SCEs. Re¬
ciprocally, agents such as UV light and EMS induce few
aberrations relative to SCEs. However, the results pre¬
sented in Chapter 3 indicate that some chromatid breaks are
coincident with exchange and this suggests that in certain
circumstances the processes of SCE and aberration formation
may be interrelated. In view of this fact, it does not
seem reasonable to uphold the often-voiced claim that SCE
is a more sensitive assay for DNA damage than aberration in¬
duction (a claim which implies that SCE studies should be
given precedence over aberration studies). Rather, it is
important that both end-points be examined in parallel in
order to gain some insight about the cellular processes
which govern their induction.
It is unlikely that the SCE assay will be useful in
monitoring exposure of individuals to low doses of radiation
(Chapter 5). However, high SCE frequencies have been reported
in patients treated with anti-tumor drugs (Perry and Evans,
1975, Nevstad, 1978, Raposa, 1978). Therefore SCE might be
used as a probe for exposure of individuals to chemical
mutagens although there are difficulties involved in deter¬
mining what constitutes a "low" level of exposure .and in
deciding what cell populations to sample. Attempts have
been made to use SCE as a marker for "cancer risk" (Cheng
et al., 1979) and to monitor progression of patients with
chronic myeloid leukemia (Kakati et al., 1978, Knuutila et
al., 1978), acute myeloid leukemia (Knuutila et al., 1978),
and acute lymphoblastic leukemia (Otter et al., 1979). The
relation between changes in the SCE frequency and progression
towards (or changes in) malignant states is at present un-
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known, but from .a clinical point of view it is worth¬
while to devote some effort to research in this field.
Lymphocytes from a hydralazine-induced lupus individual may b
more sensitive to in vitro SCE induction by hydralazine than similarly
treated control lymphocytes. Of course, a sample size of
one can hardly be regarded as adequate, but it would be of
clinical importance to know whether the SCE assay can be
used to identify individuals hypersensitive to hydralazine,
a frequently used hypotensive drug.
Radio-sensitive lymphocytes of Down's syndrome individual
were not found to be hypersensitive to SCE induction by a
radio-mimetic chemical, bleomycin (Chapter 5). However,
the observation that large inter- and intra-individual
differences exist in the proportion of first, second and
further division cells in lymphocyte cultures treated with
BLM raises the possibility that second division cell popu¬
lations used for SCE scoring might not be strictly comparable
between cultures.
In conclusion, SCE induction may be regarded as an index
interference with normal replicative processes. Identifi¬
cation of the lesions which cause such interferences and the
mechanisms which deal with overcoming them should further
our understanding of mutagenesis and perhaps of carcinogenesis
-100-
LITERATURE CITED
Abramovsky, I., G. Vorsanger, and K. Hirschhorn (1978) Sister
chromatid exchange induced by X-rays in human lymphocytes
and the effect of L-cysteine, Mutation Research, 50, 93-100.
Alarcon-Sergovia, D., J,W. Worthington, I.E. Ward, and K.G.
Wakin (1965) Lupus diathesis and hydralazine syndrome,
New Eng. J. Med., 272, 462-466.
Allen, J.W., and S.A. Latt (1976) Analysis of sister chromatid
exchange formation in vivo in mouse spermatogonia as a new
test system for environmental mutagens, Nature, 260, 449-451.
Allen, J.W., C.F. Shuler, R.W. Mendes, and S.A. Latt (1977)
A simplified technique for in vivo analysis of sister
chromatid exchange using 5-bromodeoxyuridine tablets,
Cytogenet. Cell Genet., _1_8, 231-237.
Bayer, U., and T. Bauknecht (1977) The dose dependence of
sister chromatid exchanges induced by three hydrocarbons
in the in vivo bone marrow test with Chinese hamsters,
Experimentia, _33, 25.
Beek, B., and G. Obe (1979) Sister chromatid exchanges in
human leukocyte chromosomes: spontaneous and induced
frequencies in early and late proliferating cells in vitro,
Hum. Genet., _49, 51-61.
Bender, M.A., H.G. Griggs, and P.L. Walker (1973a) Mechanisms
of chromosomal aberration production.I. Aberration induction
by ultraviolet light, Mutation Research, 20, 387-402.
Bender, M.A., J.S. Bedford, and J.B. Mitchell (19736) Mech¬
anisms of chromosomal aberration production.II. Aber¬
rations induced by 5-bromodeoxyuridine and visible light,
Mutation Research, 20, 403-416.
Bender, M.A., H.G. Griggs, and J.S. Bedford (1974) Mechanisms
of production of chromosomal aberrations.Ill. Chemicals
and ionizing radiation, Mutation Research, 2_3, 197-212.
Ben-Hur, E., and M.M. Elkind (1972) Damage and repair of
DNA in 5-bromodeoxyuridine labeled Chinese hamster cells
exposed to fluorescent light, Biophys. J., J_2, 637-647.
-101-
Bianchi, N.O., and E.A. Lezana (1976) Kinetics.of lympho¬
cyte division in blood cultures studied by the BUdR-
Giemsa technique, Experimentia, 3_2, 1257-1259.
Bodell, W.J. (1977) Non-uniform distribution of DNA repair
in chromatin after treatment with methyl methanesulfonate,
Nucleic Acids Res., 4, 2619-2628.
Bostock, C.J., and S. Christie (1976) Analysis of the frequency
of sister chromatid exchange in different regions of chromo¬
somes of the kangaroo rat (Dipodomys ordii), Chromosoma,
56, 275-287.
Boveri, T. "The Origin of Malignant Tumors" reprinted in
Hieger, I., "Carcinogenesis". Academic Press, New York,
1961 (pp. 8-9).
Brat, S.V., R.S. Verma, and H. Dosik (1979) Anthramycin-
induced sister chromatid exchange and caffeine potentiation
in the chromosomes of Indian muntjac, Mutation Research,
63, 325-334.
Brewen, J.G., and W.J. Peacock (1969a) Restricted rejoining
of chromosomal sub-units in aberration formation: a test
for subunit dissimilarity, Proc. Nat. Acad. Sci., 62_, 389-394.
Brewen, J.G., and W.J. Peacock (1969b) The effect of tritiated
thymidine on sister chromatid exchange in a ring chromosome,
Mutation Research, 7, 433-440.
Bridges, B.A., and D.G. Harnden (1981) Untangling ataxia
telangiectasia, Nature, 289, 222-223.
Buckley, J.D., P.J. O'Connor, A.W. Craig (1979) Pretreatment
with acetyl aminofluorene enhances the repair of 0-6-methyl-
guanine in UNA, Nature 281. 403-404.
Buhl,-S.N., and J.D. Regan (1973) DNA replication in human
cells treated with methyl methanesulfonate, Mutation Research,
18, 191-197.
Carrano, A.V., and S. Wolff (1975) Distribution of sister
chromatid exchanges in the euchromatin and heterochromatin
of the Indian muntjac, Chromosoma, 53., 361-369.
Carrano, A.V., L.H. Thompson, P.A. Lindl, and J.L. Minkler (1978)
Sister chromatid exchange as an indicator of mutagenesis,
Nature, 274, 551-553.
Carrano, A.V., L.H. Thompson, D.G. Stetka, J.L. Minkler,
J.A. Marzimas, and S.Fong (1979) DNA crosslinking, .
sister chromatid exchange and specific locus mutations,
Mutation Research, 63., 175-188.
Chaganti, R.S.K., S. Schonberg, and J. German (1974) A many-
fold increase in si3ter chromatid exchanges in Bloom's
-102-
syndrome lymphocytes, Proc. Nat. Acad. Gci., 7J_, 450S-4512.
Cheng, W.S., R.E. Tarone, A.P. Andrews, J.S. Whan-Peng, and
J.H. Robbins (1978) Ultraviolet light induced sister chromatid
exchanges in xeroderma pigmentosum and Cockayne's syndrome
lymphocyte cell lines, Cancer Res., _38, 1601-1609.
Cheng, W.S., J.J.Mulvihill,M.H. Greene, L.W. Pickle, S. Tsai,
and J. Whan-Peng (1979) Sister chromatid exchanges in chronic
myelogenous leukemia and cancer families, Int. J. Cancer,
23, 8-13.
Cleaver, J.E.,and W.K. Kaufmann (1980) Enhanced excision of
0-6-alkylguanine in rat liver by pretreatment with acetyl
aminofluorene, Nature, 284, 378.
Condemi, J.J., D. Moore-Jones, J.H. Vaughan, and H. Perry (1967)
Antinuclear antibodies following hydralazine toxicity,
New Eng. J. Med., 276, 486-491.
Couldre, C, and J.H. Miller (1977) Genetic studies of the lac
repressor.IV. Mutagenic specificity in the lac I gene of
Escherichia coli, J. Mol. Biol., 117, 577-606.
Countryman, P.I., and J.A.Heddle (1976) The production of micro-
nuclei from chromosome aberrations in irradiated cultures
of human lymphocytes, Mutation Research, 4_1_, 321-332.
Craig-Holmes, A.P., and M.W.Shaw (1977) Effects of six
carcinogens on SCE frequency and cell kinetics in cultured
human lymphocytes, Mutation Research, 46, 375-384.
Crossen, P.E.,and W.F. Morgan (1977) Analysis of human lympho¬
cyte cell cycle time in culture measured by sister chromatid
differential staining, Exp. Cell Res., 104, 453-457.
Crossen, P.E., and W.F. Morgan (1980) Sensitivity of Down's
syndrome lymphocytes to mitomycin C and X-irradiation
measured by sister chromatid exchange frequency, Cancer,
Genet., Cytogenet, 2, 281-285-
Dahle, D.B., J.D., Griffiths, J.G. Carpenter (1978) Inhibition
of deoxyribonucleic acid synthesis and replication elongation
in mammalian cells exposed to methyl methanesulfonate, Mol.
Pharmacol. _1_4, 278-289.
Davidson, R.L., E.R. Kaufman, C.P. Dougherty, A.M. Ouellette,
C.M. DiFolco, and S.A. Latt (1980) Induction of sister
chromatid exchanges by BUdR is largely independent of BUdR
content of DNA, Nature, 284, 74-76.
De Flora, S. (1978) Metabolic deactivation of mutagens in the
Salmonella microsome test, Nature, 271, 455-456.
-103-
Dekaban, A.S., R. Thron, and J.K. Steusing (1966) Chromo¬
somal aberrations irx irradiated blood and blood cultures
of normal subjects and of selected patients with chromo¬
somal abnormality, Rad. Res., 27, 50-63.
de Weerd-Kastelein, E.A., W. Keijzer, G. Rainaldi, and D.
Bootsma (1977) Induction of sister chromatid exchanges
in xeroderma pigmentosum cells after exposure to ultra¬
violet light, Mutation Research, 45, 253-261.
Dewey, W.C., and R.M. Humphrey (1965) Increase in radio-
sensitivity to ionizing radiation related to replacement
of thymidine in mammalian cells with 5-bromodeoxyuridine,
Rad. Res. 23, 538-553.
Dipple, A., P. Brooks, D.S. Mackintosh, and M.P. Rayman (1971)
Reaction of 7-bromomethylbenz[a]anthracene with nucleic
acids, polynuleotides and nucleosides, Biochem., 10, 4323-4330.
Djordjevic, B., and W. Szybalski (1960) Genetics of human
cell lines.Ill. Incorporation of 5-bromo and 5-iododeoxy-
uridine into the deoxyribonucleic acid of human cells and
its effects on radiation sensitivity, J.Exp. Med., 112, 509-531
Drayer, D.E., and M.M. Reindenberg (1977) Clinical con¬
sequences of polymorphic acetylation of basic drugs,
Clin. Pharmacol. Ther., 22, 251-258.
Dresp, J. E.S. Schmid, and M. Bauchinger (1978) The cyto¬
genetic effect of bleomycin on peripheral lymphocytes
in vivo and in vitro, Mutation Research, _56, 341-353.
Dustan, H.P., R.D. Taylor, A.C. Corcoran, and I.H. Page (1954)
Rheumatic and febrile syndrome during prolonged hydralazine
treatment, J.A.M.A., 154, 23-29.
Erikson, R.L., and W. Szybalski (1961) Molecular radiobiology
of human cell lines.I. Comparative sensitivity to X-rays
and ultraviolet light of cells containing halogen sub¬
stituted DNA, Biochem. Biophys. Res. Comm., _4, 258-261 .
Erikson, R.L., and W. Szybalski (1963) Molecular radiobiology
of human cell lines.V. Comparative radiosensitizing pro¬
perties of 5-halodeoxycytidines and 5-halodeoxyuridines,
Rad. Res., 20, 252-262.
Erikson. T.G., E.A. Hines, G.I. Pease, and I.A., Brunsting
(1956) Rheumatoid and lupus erythematosus-like syndromes
complications of hydralazine (Apresoline) therapy for
hypertension, Arch. Dermatol., 7_4, 640-647.
Evans, H.J., and D. Scott (1969) The induction of chromosome
aberrations by nitrogen mustard and its dependence on DNA
synthesis, Proc. Roy. Soc. Ser. B, 173, 491-512.
Evans, H.J., and A. Adams (1973) X-ray induced chromosome
aberrations in human lymphocytes irradiated in vitro: the
-104-
influence of exposure conditions, genotype.and age on
aberration yields in Duplan, J.F. and A. Chapiro, eds.
"Advances in Radiation Biology: Biology and Medicine",
Vol. 1. Gordon and Breach, New York, 1973 (pp.335-348).
Fornace, A.J., and J.B. Little (1977) DNA crosslinking
induced by X-rays and chemical agents, Biochim. Biophys.
Acta, 477, 343-355.
Fox, B.W., and M. Fox (1967) Effect of methyl methane-
sulfonate on macromolecular biosynthesis in P3B8F cells,
Cancer Res., 27, 2234-2239.
Frei, J.V., D.H. Swenson, W. Warren, and P.P. Lawley (1978)
Alkylation of deoxyribonucleic acid in vivo in various
organs of C57BL mice by the carcinogens N-methyl-N-nitroso-
urea, N-ethyl-N-nitrosourea and ethyl me thanesulfonate in
relation to induction of thymic lymphoma. Some applications
of high-pressure liquid chromatography, Biochem. J., 174,
1031-1044.
Fujiwara, Y., and T. Kondo (1973) Strand-scission of HeLa
cell deoxyribonucleic acid by bleomycin an vivo and in
vitro, Biochem. Pharmacol. 22., 323-333.
Galloway, S.M., and H.J. Evans (1975) Sister chromatid
exchanges in human chromosomes and patients with ataxia
telangiectasia, Cytogenet. Cell Genet., _1_5> 17-29.
Galloway, S.M., and S. Wolff (1979) The relation between
chemically induced sister chromatid exchanges and chromatid
breakage, Mutation Research, 6J_, 297-307.
Garner, R.C. (1973) Microsome dependent binding of
aflatoxin B1 to DNA, RNA, polyribonucleotides and protein
in vitro, Chem. Biol. Interactions, 6j_ 125-129.
Gatti, M., G. Santini, S. Pimpinelli, and G. Olivieri (1979)
Lack of spontaneous sister chromatid exchanges in somatic
cells of Drosophila melanogaster, Genetics£1_» 255-274.
Gebhart, E., and H. Kappauf (1978) Bleomycin and sister
chromatid exchange in human lymphocyte chromosomes,
Mutation Research, 5J3, 121-124.
Gibson, D.A., and D.M. Prescott (1972) Induction of sister
chromatid exchanges in chromosomes of rat kangaroo cells
by tritium incorporation into DNA, Exp. Cell Res., 74,
397-402.
Gibson, D.A., and D.M. Prescott (1973) Sister chromatid ex¬
change and isolabeling, Exp. Cell Res., 8_3, 445-447.
Glaubiger, D., K.W. Kohn, and E. Charney (1974) The reaction
of anthramycin with DNA.III. Properties of the complex,
Biochim. Biophys Acta, 361, 303-311.
-105-
Goth-Goldstein, R. (1.977) Repair of DNA damaged by alkylating
carcinogens is defective in xeroderma pigmantosum derived
fibroblasts, Nature, 267, 81-82.
Goth, R. and M.F. Rajewsky (1974) Persistance of 0-6-ethyl-
gaanine in rat brain DNA: correlation with nervous system
specific carcinogenesis by ethyl nitosourea, Proc. Nat.
Acad. Sci..71> 639-643.
Heddle, J.A., and J.D. Bodycote (1970) On the formation of
chromosomal aberrations, Mutation Research, 9, 117-126.
Heddle, J.A., D.Whissell, and J.D. Bodycote (1969) Changes in
chromosome structure induced by radiations: a test of the
two chief hypotheses, Nature, 221 , 1 158-1 160.
Higgins, N.P., K. Kato, and B. Strauss (1976) A model for
replication repair in mammalian cells, J. Mol. Biol., 101
417-425.
Higuraishi, M., and P.E. Conen (1973) In vitro chromosomal
radiosensitivity in chromosomal breakage syndromes, Cancer
Res., 32, 380-383.
Hoar, D.I., and P. Sargent (1976) Chemical mutagen hyper¬
sensitivity in ataxia telangiectasia Nature, 261, 590-592.
Holliday, R.(1964) A mechanism for gene conversion in
fungi, Genet. Res., 5_, 282-304.
Hsu, T.C., and S. Pathak (1976) Differential rates of sister
chromatid exchanges between euchromatin and heterochromatin,
Chromosoma, 5_8, 269-273.
Hsu. T.C., and C.E. Somers (1961) Effect of 5-bromodeoxy-
uridine on mammalian chromosomes, Proc. Nat. Acad. Sci.,
47, 396-403.
Huang, C.C. (1967) Induction of a high incidence of damage
in the X chromosomes of Rattus (Mastomys) natalensis by
base analogues, viruses and carcinogens, Chromosoma, 23,
162-179.
Hurley, L.H. (1977) Pyrrolo (1,4)benzodiazepine antitumor
antibiotics. Comparative aspects of anthramycin, tomay-
mycin and sibiromycin, J. Antibiot., 3_0, 349-370.
Hurley, L.H. and R, Petrusek (1979) Proposed structure of
the bnthramycin-DNA adduct, Nature, 282, 529-531.
Hurley. L.H., C. Gairola, and M. Zmijewski (1977) Pyrrolo
(1,4)benzodiazepine antitumor antibiotics. In vitro inter¬
actions of anthramycin, sibiromycin and tomaymycin with DNA
using specifically radiolabelled molecules, Biochim. Biophys.
Acta, 475, 521-535.
-106-
Hurley, L.H., C. Chandler, T. Garner; R.Fetrusek,"and
S.G. Zimmer (1979a) DNA binding, induction of un¬
scheduled DNA synthesis and excision repair of anthra-
mycin from DNA in normal repair and repair deficient
human fibroblasts, J. Biological Chem., 294, 605-608.
Hurley, L.H., C.S.Allen, J.M. Feola, and W.C. Lubaway
(1979b) In vitro and in vivo stability of anthramycin-
DNA conjugate and its potential application as an
anthramycin prodrug, Cancer Res., .39, 31 34-3140.
Ikushima, T. (1977) Role of sister chromatid exchanges
in chromosomal aberration formation, Nature, 268, 235-236.
Ikushima, T. and S. Wolff (1974) Sister chromatid exchanges
induced by light flashes to BUdR and IUdR substituted
Chinese hamster chromosomes, Exp. Cell Res., 87, 15-19.
Iqbal, Z.M., K.W. Kohn, B.A.G. Ewig, and A.J. Fornace (1976)
Single-standed scission and repair of DNA in mammalian
cells by bleomycin, Cancer Res., 36, 3834-3838.
Ishii, Y., and M.A. Bender (1980) Effects of inhibitors of
DNA synthesis on spontaneous and ultraviolet induced sister
chromatid exchanges in Chines hamster cells, Mutation Re¬
search, 79, 19-32.
«
Jeffrey, A.M., S.H. Blobstein, I.B., Weinstein, F.A. Beland,
R.G. Harvey, and H. Kasai (1976) Structure of 7,12-di-
methylbenz[a]anthracene-guanosine adducts, Proc. Nat. Acad.
Sci., 73, 2311-2315.
Jeggo, P., M. Defais, L. Samson, and P. Shendel (1977) An
adaptive response to E^ coli to low levels of alkylating
agent: comparison with previously characterized DNA re¬
pair pathways, Mol. Gen. Genet. 157, 1-9.
Jensen, E.M., R.J. LaPolla, P.E. Kirby, and S.R. Haworth
(1977) In vitro studies of chemical mutagens and car¬
cinogens. I. Stability studies in cell culture medium,
J. Nat. Cancer Inst., 5.9, 941-944.
Jostes, R., L. Samson, and J.L. Schwartz (1981) Kinetics
of mutation and sister chromatid exchange induction by
ethyl methanesulfonate in Chinese hamster ovary cells,
Mutation Research, 91_, 255-258.
Kaina, B. (1977) The action of N-methyl-N-nitrosourea on
non-established human cell lines in vitro.II. Non-random
distribution of chromatid aberrations in diploid and Down's
cells, Mutation Research, 43., 401-413.
Kaina, B., H. Walker, M. Walker, and R. Rieger (1977) The
action of N-methyl-N-nitrosourea on non-established human
cell lines in vitro.I. Cell cycle inhibition and aberration
induction in diploid and Down's fibroblasts, Mutation Research,
43, 387-400.
-107-
Kakati, S., S.Abe, and A.A. Sandberg (1978) Sister,
chromatid exchange in Philadelphia chromosome (Ph )-
positive leukemia, Cancer Res., _38, 2918-2921 .
Karran, P., T. Lindahl, and B. Griffin (1979) Adaptive res¬
ponse to alkylating agents involves alteration in situ
of 0-6-methylguanine residues in DNA, Nature 280. 76-77.
Kato, H. (1973) Induction of sister chromatid exchanges by
UV light and inhibition by caffeine, Exp. Cell Res., 82
383-390.
Kato, H. (1974a) Spontaneous sister chromatid exchanges
detected by a BUdR-labelling method, Nature, 291, 70-72.
Kato, H. (1974b) Possible role of DNA synthesis in the
formation of sister chromatid exchanges, Nature, 252,
739-741.
Kato, H. (1974c) Induct ion of sister chromatid exchanges
by chemical mutagens and its possible relevance to DNA
repair, Exp. Cell Res., 8jj, 239-247.
Kato, H. (I974d) Is isolabelling a false image? Exp. Cell
Res., 89, 416-420.
Kato, H. (1977a) Spontaneous and induced sister chromatid
exchanges by the BUdR-labelling method in Bourne, G.H.
and J.F. Danielli, eds. "International Review of Cytology"
Vol.49. Academic Press, New York, 1977 (pp.55-97).
Kato, H. (1977b) Mechanism for sister chromatid exchanges
and their relation to the production of chromosomal aber¬
rations, Chromosoma, _59, 179-191 .
Kato, H. (1980) Evidence that the replication point is the
exchange site of sister chromatid exchange, Cancer, Genet.
Cytogenet., 2, 69-77.
Kihlman, B.A., and D. Kronborg (1975) Sister-chromatid ex¬
changes in Vicia faba.I. Demonstration by a modified
fluorescence plus Giemsa (FPG) technique, Chromosoma, 51t
1-10.
Kihlman, B.A., H.C. Andresson, and A.T. Natarajan (1977)
Molecular mechanisms in the production of chromosomal
aberrations: studies with the 5-bromodeoxyuridine
labelling method, Chromosomes Today, 6_, 287-296.
Kim, M.A. (1974) Chromatidaustausch und Heterochromatin-
veraderungen menschlicher Chromosomen nach BUdR-markierung,
Humangentik, 25_, 197-188.
Kihi, K. (1977) Cell' cycle analysis and properties of two
subpopulations in PHA responding lymphocytes. A comparison
of 21-trsomic and normal cells, Jap. J. Hum. Genet., 22,
17-26.
-108-
Knuutila, S., fi. Helminen, P. Vuopio, and A. de la Chapelle
(197°) Sister chromatid exchanges in bone marrow cells.I.
Control subjects and patients with leukemia, Hereditas,
88, 189-196.
Kohn, K.W., and C.L. Spears (1970) Reaction of anthramycin
with deoxyribonucleic acid, J. Mol. Biol., 51, 551-572.
Kohn, K.W., H.V. Bono, and H.E. Kann (1968) Anthramycin, a
new type of DNA-inhibiting antibiotic: reaction with DNA
and effects on nucleic acid synthesis in mouse leukemia
cells, Biochim. Biophys. Acta, 155, 121-129.
Kohn, K.W., D. Glaubiger, and C.L. Spears (1974) The reaction
of anthramycin with DNA.II. Studies of kinetics and mech¬
anisms, Biochim. Biophys. Acta, 361 , 288-302.
Korenberg, J.R., and E.F. Freedlender (1974) Giemsa tech¬
nique for the detection of sister chromatid exchanges,
Chromosoma, 48, 355-360.
Kondo, S., H. Ichikawa, K.Iwo, and T. Kato (1970) Base-
change mutagenesis and prophage induction in strains of
Escherichia coli with different DNA replication'capacities,
Genetics, 66~, T&7-217.
Keik, E. (1972) Persistent binding of a new product of the
carcinogen N-hydroxy-N-2-acetylaminofluorene with guanine
in rat liver in vivo, Cancer Res., 3_2, 2042-2048.
Kucerovdf, M. (1967) Comparison of radiation effects in vitro
upon chromosomes of human subjects, Acta Radiol. 6_, 441-448.
Kucerovef, M., and Z. Polikova^ (1978) In vitro comparison of
normal and trisomic cell sensitivity to physical and chemical
,agents in Evans, H.J., and D.C. Lloyd "Mutagen Induced
Chromosome Damage in Man". Edinburgh University Press,
1978 (pp. 185-190).
w /
Kucerova, M., A.J.B. Anderson, K.E. Buckton, and H.J. Evans
(1972) X-ray induced chromosome aberrations in human
peripheral blood leukocytes: the response to low levels
of exposure in vitro, Int. J. Rad. Biol., 21, 389-396.
Kukharenko, V.I., A.M. Kuliev, K.N. Grinberg, and V.V. Terskikh
(1974) Cell cycles in human diploid and aneuploid strains,
Humangenetik, 24_, 285-296.
Kuo, M.T., L.T. Auger, G.F. Saunders, and C.W. Haidle (1977)
Effect of bleomycin on the synthesis and function of RNA,
Cancer Res., 37, 1345-1348.
Lambert, B., K. Hansson, T.H. Bui, F. Funes-Cravioto, J.
Lindsten, M. Holmberg, and R.S. Strausmanis (1976) DNA
repair and frequency of X-ray and UV-light induced chromo¬
some aberrations in leukocytes from Down's syndrome, Ann.
Hum. Genet., 39, 293-303.
-109-
Lambert, 3., U. Ringborg, E. Harper and A. Lindal (197c3)
Sister chromatid exchanges in lymphocytes of patients
receiving chemotherapy for malignant disorders, Cancer
Treat. Rep., 6_2, 1413-1419.
Latt, S.A. (1973) Microfluorometry detection of deoxy¬
ribonucleic acid replication in metaphase chromosomes,
Proc. Nat. Acad. Sci., 70, 3395-3399.
Latt, S.A. (1974a) Localization of sister chromatid exchanges
in human chromosomes, Science, 185, 74-76.
Latt, S.A. (1974b) Sister chromatid exchanges, indices of
human chromosome damage and repair: detection by fluorescence
and induction by mitomycin C, Proc. Nat. Acad. Sci., 71,
3162-3166.
Latt, S.A., and K.S. Loveday (1978) Characterization of
sister chromatid exchange induction by 8-methoxypsoralen
plus near UV light, Cytogenet. Cell Genet., _21_, 184-200.
Lawley, P.P. (1972a) The action of alkylating mutagens and
carcinogens on nucleic acids: N-methyl-N-nitroso com¬
pounds as methylating agents in Nakahara, ed. "Topics in
Chemical Carcinogenesis". Tokyo University Press, 1972
(pp. 237-256).
Lawley, P.D. (1972b) Some aspects of the cellular response
to chemical modifications of nucleic acid purines, Jerusalem
Symp. on Quantit. Chem. Biochem., 579-592.
Lawley, P.D., and D.J. Orr (1970) Specific excision of
methylation products from DNA of Escherichia coli treated
with N-methyl-N'-nitroso-N-nitrosoguanidine, Chem.
Biol. Interactions, 2, 154-157.
Lawley, P.D., D.J. Orr, and M. Jarman (1975) Isolation and
identification of products from alkylation of nucleic acids:
ethyl- and isopropyl purines, Biochem. J., .145, 73-84.
Lehmann, A.H.R. (1972) Post-replication repair of DNA in
ultraviolet irradiated mammalian cells, J.Mol. Biol.,
66, 319-337.
Lennartz, M., T. Coquerelle, and H. Hagen (1975) Modification
of end-groups in DNA strand breaks of irradiated thymocytes
during early repair, Int. J. Radiat. Biol., _28, 181 — 185-
Lett, J.T., J. Caldwell, C.J. Dean, and P. Alexander (1967)
Rejoining of X-ray induced breaks in the DNA of leukemic
cells, Nature, 214, 790-792.
Lezana, E.A., M. Bianchi, S. Bianchi, and J.E. Zabala-Suarez
(1977) Sister chromatid exchange in Down's syndrome and
normal human beings, Mutation Research, 4_5, 85-90.
-110-
Liniecki, J., A. Bajerska, K. Wyszynska, and B. Cisowska
(1977) Ganrnia-radiation-induced chromosomal aberrations
in human lymphocytes: dose-rate effects in stimulated and
non-stimulated cells, Mutation Research, 43, 291-304.
littlefield, L.G., SP. Colyer, E.E. Joiner, and R.J. Dufrain
(1979) Sister chromatid exchanges in human lymphocytes
exposed to ionizing radiation during GO, Rad. Res., 78,
514-521.
Lloyd, D.C., R.J. Purrott, G.W. Dolphin, D. Bolton, A.A.
Edwards, and M.J. Corp (1975) The relationship between
chromosome aberrations and low LET radiation dose to human
lymphocytes, Int. J. Rad. Biol., _28, 75-90.
Loveday, K.S., and S.A. Latt (1978) Search for DNA inter¬
change corresponding to sister chromatid exchanges in
Chinese hamster ovary cells, Nucleic Acids Res., 5., 4087-4104.
Loveless, A. (19^9) Possible relevance of 0-6 alkylation of
deoxyguanire to the mutagenicity and carcinogenicity of
nitrosamines and nitrosamides, Nature, 223, 206-207.
Lucknik, N.V., and A.V. Sevankaev (1967) Radiation-induced
aberrations in human lymphocytes.I. Dependence on the
dose of gamma-rays and on an anomaly at low doses, Mutation
Research, 36_, 363-378.
Magee, P.N., J.W. Nicoll, A.E. Pegg, and P.F. Swann (1975)
Alkylating intermediates in nitrosamine metabolism,
Biochem. Soc. Trans., 3., 62-65.
Mattern. M.R., P.V. Haiharan, B.E. Dunlap, and P.A. Cerruti
(1973) LNA degradation and excision repair in gamma-ir¬
radiated Chinese hamster ovary cells, Nature New Biol.,
245, 230-232.
McClintock, B. (1938) The production of homozygous deficient
tissues with mutant characteristics by means of the aber¬
rant behaviour of ring-shaped chromosomes, Genetics, 23,
315-376.
Mehta, J.R. and B.D. Ludlum (1978) Synthesis and properties
of 0-6-methyldeoxyguanylic acid and its copolymers with
deoxycytidvlic acid. Biochim. Biophys. Acta, 521, 770-778.
Meyer, A.L., and B.J. Dean (1981 ) Induction of sister chroma¬
tid exchanges in rat-liver cell line with chemical carcinogens,
Mutation Research, 9J_, 47-50.
Miller, E.C., and J.A. Miller (1971) The mutagenicity of
chemical carcinogens: correlations, problems and inter¬
pretations in Hollaender, A., ed. "Chemical Mutagens:
Principles and Methods for Their Detection", Vol. 1.
Plenum Press, New York, 1971 (pp. 83-119).
-111-
Miyaki, M., T. Ono, and H. Umezawa (1971) Inhibition of
ligase reaction by bleomycin, J. Antibiotics, Tokyo Ser. A,
24, 587-592.
Montesano, R., H. Bresil, and G.P.Marginson (1979) Increased
excision of 0-6-methylguanine from rat liver after chronic
administration of dimethylnitrosoamine, Cancer Res., 39,
1798-1802.
Montesano, R., H. Bresil, G. Planche-Martel, and A.E. Pegg
(1980) Effect of chronic treatment of rats with dimethyl¬
nitrosoamine on the removal of 0-6-methylguanine from DNA,
Cancer Res., 40, 452-458.
Mortelmans, K., E.C. Friedberg, H. Slor, G. Thomas, and
J.E. Cleaver (1976) Defective tymine dimer excision by
cell-free extracts of xeroderma pigmentosum cells, Proc.
Nat. Acad. Sci., -73, 2757-2761 .
Moore, P.D., and R. Holliday (1976) Evidence for the for¬
mation of hybrid DNA during mitotic recombination in
Chinese hamster cells, Cell, 8, 573-579.
Muller, J.C., C.L. Rast, W.W. Prior, and F.S. Orgain (1955)
Late systemic complications of hydralazine therapy, J.A.M.A.,
157, 894-899.
Natarajan, A.T., and I Kla^terska (1975) Heterochromatin and
sister chromatid exchanges in the chromosomes of Microtus
agrestris, Hereditas, 79, 150-154.
Natarajan, A.T., and G. Obe,(l978) Molecular mechanisms
involved in the production of chromosomal aberrations.I.
Utilization of Neurospora endonuclease for the study of
aberration production in the G2 stage of the cell cycle,
Mutation Research, 52, 137-149.
Natarajan, A.T., A.D. Tates, P.P.W. van Buul. M. Meijers,
and N. de Vogel (1976) Cytogenetic effects .of mutagens/
carcinogens after activation in a microsomal system in
vitro.I. Induction of chromosome aberrations and sister
chromatid exchanges by diethylnitrosamine (DEN) and
dimethylnitosamine (DMN) in CHO cells in the presence of
rat-liver microsomes, Mutation Research, 37, 83-90.
Natarajan, A.T., G. Obe, A.A. van Zeeland, F. Palitti,
M. Meijers, and E.A.M. Verdegaal-Immerzeel (1980a)
Molecular mechanisms involved in the production of
chromosomal aberrations.il. Utilization of Neurospora
endonuclease for the study of aberration production by
X-rays in G1 and G2 stages of the cell cycle, Mutation
Research, 69, 293-305
Natarajan, A.T., B.A. Kihlman, and G. Obe (1980b) Use of
the 5-bromodeoxyuridine technique for exploring mechanisms
involved in the formation of chromosomal aberrations.II.
G1 experiments with Chinese hamster ovary cells, Mutation
Research, 73, 307-317.
-112-
Nevstad,. N.P. (1978) Sister chromatid exchanges and chromo¬
somal aberrations induced in human peripheral lymphocytes
by the cytostatic drug adriamycin in vivo and in vitro,
Mutation Research, 57, 253-258.
Ockey, C.H. (1977) Changes in SCE frequency with length of
the cell cycle, Paterson Lab. and Med. Oncol. Ann. Rep.,
77-78, 141-142
O'Brian, R.L., P. Poon, E. Kline, and J.W. Parker (1971)
Susceptibility of chromosomes from patients with Down's
syndrome to 7,12-dimethylbenz[a]anthracene induced aber¬
rations in vitro, Int. J. Cancer, 8, 202-210.
Osborne , M.R., F.A. Beland, R.G. Harvey, and P. Brooks (1976)
The reaction of ^ 7<*, 8|3-dihydroxy-9p , 10f* -epoxy-7, 8, 9,1 0-
tetrahydobenzo[a]pyrene with DNA, Int. J. Cancer, J_8, 362-
368.
Otter, M., C.G. Palmer, and R.L. Baehner (1979) Sister
chromatid exchange in lymphocytes from patients with acute
lymphoblastic leukemia, Hum. Genet., 52, 185-192.
Paika, K., and A. Krishan (1973) Bleomycin induces chromo¬
somal aberrations in cultured mammalian eels, Cancer Res.,
33, 961-965. «
Painter, R.B. (1977) Inhibition of initiation of HeLa cell
replicons by methyl methanesulfonate, Mutation Research,
42, 299-303.
Painter, R.B. (1980) A replication model for sister
chromatid exchange, Mutation Research, 7C), 337-341 .
Pant, G.S., N. Kamada, and R. Tanaka (1976) Sister chromatid
exchanges in peripheral lymphocytes of atomic bomb survivors
and of normal individuals exposed to radiation and chemical
agents, Hiroshima J. Med. Sci., 2_5, 99-105.
Paterson, MC, and P.J. Smith (1979) Ataxia telangiectasia:
an inherited human disorder involving hypersensitivity to
ionizing radiation and related DNA damaging chemicals,
Ann. Rev. Genet., 13, 291-318.
Paterson, M.C., A.K. Anderson, B.P. Smith, and P.J. Smith
(1975) Enhanced radiosensitivity of cultured fibroblasts
from ataxia telangiectasia heterozygotes manifested by
defective colony forming ability and reduced DNA repair
replication after hypoxic gamma-irradiation, Cancer Res.,
39, 3725-3734.
Paterson, M.C., B.P. Smith, P.H.M. Lohman, A.K. Anderson,
and L.Fishman (1976) Defective excision repair of gammas-
ray damaged DNA in human (ataxia telangiectasia) fibro¬
blasts, Nature, 260, 444-446.
-113-
-Paton, G.R., M.F. Silver, and A.C. Allison (1974) Com¬
parisons of cell cycle time in normal and trisomic cells,
Humangenetik, 2^3, 173-182. \
Pegg, A.E. (1977) Formation and metabolism of alkylated
nucleosides: possible role in carcinogenesis by nitroso
compounds and alkylating agents in Klein, G., and S.
Weinhouse, eds. "Advances in Cancer Research" Vol 25.
Academic Press, New York, 1977 (pp. 195-269).
Pegg, A.E. (1978) Enzymatic removal of 0-6-methylguanine
from DNA by mammalian cell extracts, Biochem. Biophys. Res.
Comm., 84, 166-173-
Perry, H.M., E.M. Tan, S. Carmody, and A. Sakamoto (1970)
Relationship of acetyl transferase activity to anti-
nuclear antibodies and toxic symptoms in hypertensive
patients treated with hydralazine, J. Lab. Clin. Med.,
76, 114-125.
Perry, P.E. (1980) Chemical mutagens and sister chromatid
exchanges in de Serres, F.J., and A. Hollaender, eds.
"Chemical Mutagens", Vol. 6. Plenum Press, New York, 1980
(pp. 1-39). 1
Perry, P.E. and H.J. Evans (1975) Cytological detection of
mutagen-carcinogen exposure by sister chromatid exchange,
Nature, 258, 121-125.
Perry, P.E., and S. Wolff (1974) New Giemsa method for dif¬
ferential staining of sister chromatids, Nature, 251,
156-158.
Petersen, D.F., E.C. Anderson, and R.A. Tobey (1968) Mitotic
cells as a source of synchronized cultures in Prescott,
D.M., ed. "Methods in Cell Physiology", Vol. 3- Academic
Press, New York, 1968 (pp. 347-370).
Prempree, T.,and T, Merz (1969) Radiosensitivity and repair
time; the repair time of chromosome breaks produced during
the different stages of the cell cycle, Mutation Research,
7, 441-451.
Purrott, R.J., N. Vulpis, and D.C.Lloyd (1980) The use of
harlequin staining to measure delay in the human lymphocyte
cell cycle induced by in vitro X-irradiation, Mutation
Research, 69, 275-282.
Raposa, T. (1978) Sister chromatid exchange studies from
monitoring DNA damage and repair capacity after cytostatics
in vitro and in lymphocytes of leukaemic patients under
cytostatic therapy, Mutation Research, _57, 241-251 .
-114-
Rayraan, M.P., and^A. Dipple (1973a) Structure and activity
in chemical carcinogenesis. Comparison of the reactions
of 7-bromomethylbenz[a]anthracene and 7-bromomethyl-12-
methylbenz[a]anthracene with deoxyribonucleic acid in
vitro, Biochem., 1_2, 1202-1207.
Rayman, M.P., and A. Dipple (1973b) Structure and activity
in chemical carcinogenesis. Comparison of the reactions
of 7-bromomethylbenz[a]anthracene and 7-bromomethyl-12-
methylbenz[a]anthracene with mouse skin deoxyribonucleic
acid in vivo, Biochem., _1_2, 1538-1542.
Regan, J.D. and R.B. Setlow (1974) Two forms of repair in
the DNA of human cells damaged by chemical carcinogens and
mutagens, Cancer Res., _34, 3318-3325.
Reindenberg, M.M., D. Drayer, A.L. DeMarco, and C.T. Bello
(1973) Hydralazine elimination in man, Clin. Pharmacol.
Ther., P4, 970-977.
Remsen, J.F., and P.A.Cerruti (1976) Deficiency of gamma-
ray excision repair in skinffibroblasts from patients with
Panconi's anemia, Proc. Nat. Acad. Sci., 73, 2419-2423.
Revell, S.H. (1954) A new hypothesis for chromatid changes
in Bacq, Z.M., and P. Alexander, eds. "Radiobiology
Symposium, Liege", 1954. Butterworth, London, 1955 (pp.
243-253).
Revell, S.H. (1958) A new hypothesis for the interpretation
of chromatid aberrations and its relevance to theories for
the mode of action of chemical agents. Ann. N.Y. Acad.
Sci., 68, 802-810.
Revell, S.H. (1959) The accurate estimation of chromatid
breakage and its relevance to a new interpretation of
chromatid aberrations induced by ionizing radiations,
Proc. Roy. Soc. London, Ser. B. 150, 563-589.
Revell, S.H. (1963) Chromatid aberrations, the generalized
theory, in Wolff, S., ed. "Radiation Induced Chromosome
Aberrations". Columbia University Press, New York, 1963
(pp. 41-72).
Revell, S.H. (1974) The breakage and re-union theory and
the exchange theory for chromosomal aberrations induced
by ionizing radiations: a short history in Lett, J.T.,
H. Alder and M. Zelle, eds. "Advances in Radiation
Biology" Vol. 4. Academic Press, New York, 1974 (pp.
367-416).
Reynolds, R.J., A.T. Natarajan, and P.H.M. Lohman (1979)
Micrococcus luteus UV-endonuclease sensitive sites and
sister chromatid exchanges in Chinese hamster ovary eels,
Mutation Research, 64, 353-356.
-115-
Roberts, J.J. (1978) The repair of DNA modified by cytotoxic,
mutagenic and'carcinogenic compounds, Adv. Rad. PLicl., 7
211-436.
Roberts, J.J., J.M. Pascoe, J.E. Plant, J.E. Sturrock, and
A.R. Cathorn (1971) Quantitative aspects of the repair
of alkylated DNA in cultured mammalian cells.I. The ef¬
fect on HeLa and Chinese hamster cellsuryival of alkylation
of cellular macromolecules, Chem. Biol. Interactions, 3.,
29-47.
Robins, P., and J. Cairns (1979) Quantitation of the
adaptive response to alkylating agents, Nature, 280, 74-76.
Rommelaere, J. and A. Miller-Faures (1975) Detection by
density centrifugation of recombinant-like DNA molecules
in somatic mammalian cells, J. Mol. Biol., 98, 195-218.
Rupp, W.D., C.E. Wilde, D.L. Reno, and P. Howard-Flanders
(1971) Exchanges between DNA stands in ultraviolet-irradiated
Escherichia coli, J. Mol. Biol., 61_, 25-44.
Samson, L., and J. Cairns (1977). A new pathway for DNA re¬
pair in Escherichia coli, Nature, 267, 281-283-
Samson, L., and J.L. Schwartz (1980) Evidence for an adaptive
DNA repair mechanism in Chinese hamster ovary and human
skin fibroblast cell lines, Nature, 287, 861-863-
Sasaki, M.S., and A. Tonomura (1969) Chromosomal radio-
sensitivity in Down's syndrome, Jap. J. Hum. Genet.,
P4, 81-92.
Sasaki, M.S., A.Tonomura, and S. Matsuba (1970) Chromosome
constitution and its bearing on the chromosomal radio-
sensitivity in man, Mutation Research, _1j0, 617-633-
Sax, K. (1938) Chromosomal aberrations induced by X-rays,
Genetics, 23, 494-516.
Schendel, P.F., and P.E. Robins (1978) Repair of 0-6 methyl-
guanine in adapted E. coli, Proc. Nat. Acad. Sci., 6017-
6020.
Schmickel, R. (1967) Chromosome aberrations in leukocytes
exposed in vitro to diagnostic levels of X-rays, Amer.
J. Hum. Genet., _1_9, 1-11.
Schnedel, W., W. Plumberger, R. Czaker, P. Wagenbichler, and
H.G. Schwarazacher (1976) Increased sister chromatid ex¬
changes in the human late-replicating X, Hum. Genet., 32,
199-202.
Schreck, R.R., I.J. Paika, and S.A.Latt (1979) In vivo in¬
duction of sister chromatid excahnges in liver and marrow
cells by drugs requiring metabolic activation, Mutation
Research, 64, 315-328.
-116-
Schwartz, D. (1953) Evidence for sister strand crossing over
in maize, Genetics," 33, 25 i-260.
Scott, D. and H.J. Evans (1967) X-ray induced chromosomal
aberrations in Vicia faba: changes in the response during
the cell cycle, Mutation Research, 4, 579-599.
Scudiero, D., and B. Strauss (1974) Accumulation of single
stranded regions in DNA and the block to replication in a
human cell line alkylated with methyl methanesulfonate,
J. Mol. Biol., 83, 17-34.
Segal, D.J., and E.E. McCoy (1973) Studies on Down's syndrome
in tissue culture.I. Growth rate and protein contents of
fibroblast cultures, J. Cell Physiol., 83_, 85-90.
Serra, A., R. Bova, and G. Brandi (1978) Sister chromatid
exchanges in human lymphocytes "iai vitro" as monitor for
"in vivo" mutagenicity from chronic exposure to low-LET
irradiation, paper presented at the 14th International
Congress of Genetics, Moscow, 1978.
Shafer, D.A. (1977) Replication bypass model for sister
chromatid exchanges and implications for Bloom's syndrome
and Fanconi's anemia, Hum. Genet., 39, 177-190.
Shaw, C.R., M.A. Butler, and J.P. Thenot (1979) Genetic
effects of hydralazine, Mutation Research, 68, 79-84.
Shiraishi, Y., K. Yamamoto, and A.A.Sandberg (1979) Effects
of caffeine on chromosome aberrations and sister chromatid
exchanges induced by mitomycin C in BUdR-labeled human
chromosomes, Mutation Research, 62_, 139-149.
Singer, B. (1975) The chemical effects of nucleic acid
alkylation and their relation to mutagenesis and carcino¬
genesis 232 Klein, G., and S. Weinhouse, eds. "Advances
in Cancer Research" Vol. 15. Academic Press, New York,
1975 (pp. 219-284).
Solomon, E., and M. Bobrow (1975) Sister chromatid ex¬
change - a sensitive assay of agents damaging human chromosome!
Mutation Research, 30, 273-278.
Somers, C.E., and R.M. Humphrey (1963) A chromosome study
of radiation sensitization by 5-bromodeoxyuridine, Exp.
Cell Res., 30, 208-217.
Sono, A., and K. Sakaguchi (1981) Inhibition of protein
synthesis antagonizes induction of sister chromatid ex¬
changes by exogenous agents, Mutation Research, 80, 121-131.
Stadler, L.J. (1932) On the genetic nature of induced mutations
in plants, Proc. 6th Internatl. Cong. Genet., _1_, ■ 274-294.
-117-
Stefanovic, V. (1968) Spectrophotometry studies of the
interaction of anthramycin with DNA, Biochem. Pharmacol.,
17, 315-323.
Stetka, D.G. (1979) Further analysis of the replication
model for sister chromatid exchange, Hum. Genet., 49,
63-69.
Stetka, D.G., and A.V. Carrano (1977) The interaction of
Hoechst 33258 and BUdR substituted DNA in the formation
of sister chromatid exchanges, Chromosoma, 63., 21-31.
Stetka, D.G., and S. Wolff (1976a) Sister chromatid ex¬
changes as an assay for genetic damage induced by
mutagens-carcinogens.I. In vivo test for compounds re¬
quiring metabolic activation, Mutation Research, 41,
333-342.
Stetka, D.G., and S.Wolff (1976b) Sister chromatid exchange
as an assay for genetic damage induced by mutagens-carcino¬
gens. II. In vitro test for compounds requring metabolic
activation, Mutation Research, 4_1_, 343-350.
Stoll, C., DS Borganonkar, and P. Bigel (1977) Sister
chromatid exchanges in balanced translocation carriers
and in patients with unbalanced karytypes, Hum. Genet.,
37, 27-32.
Sun, L., and B. Singer (1975) The specificity of different
classes of ethylating agents towards various sites of HeLa
cell DNA in vitro and in vivo, Biochem., J_4, 1795-1802.
Susuki, H., K. Nagai, H. Yamaki, N. Tanaka, and H. Umezawa
(1969) On the mechanism of action of bleomycin: sission
of DNA stands in vitro and in vivo, J. Antibiotics, 22,
446-448.
Sugiyamg, T. (1971) Specific vulnerability of the largest
telomeric chromosome of rat bone marrow cells to 7,12—
dimethylbenz[a]anthracene, J. Natl. Cancer Inst., 47, 1267-1275.
Tamura, H., Y. Sugiyama, and T. Sugahara (1974) Effect of
bleomycin on the chromosomes of human lymphocytes at various
cell phases, GANN, 65, 103-107.
Takehisa, S., and S. Wolff (1977) Induction of sister chromatid
exchanges in Chinese hamster cells by carcinogenic mutagens
requiring metabolic activation, Mutation Research, 45,
263-270.
Taylor, A.M.R., D.G. Harnden, C.F. Arlett, S.A. Harcourt,
A.R.. Lehmann, Stevens, and B.A. Bridges (1975) Ataxia
telangiectasia: a human mutation with abnormal radiation
sensitivity, Nature, 258, 427-429.
-118-
Taylor, A.M.R., J.A.Metcalfe, J.M. Oxford and D,G, Famden
(1976) Is chromatid-type damage in ataxia telangiectasia
after irradiation at GO a consequence of defective repair?
Nature, 260, 441-443.
Taylor, A.M.R., C.M.Rosney, and J.B. Campbell (1979) Un¬
usual sensitivity of ataxia telangiectasia to bleomycin,
Cancer Res., 39, 1046-1050.
Taylor, J.H. (1958) Sister chromatid exchange in tritium
labeled chromosomes, Genetics, _43, 515-529.
Taylor, J.H., P.S. Woods and W.L. Hughes (1957) The organ¬
ization and duplication of chromosomes as revealed by
autoradiographic studies using tritium-labeled chromosomes,
Proc. Nat. Acad. Sci., 43, 122-128.
Tice, R.R., J.R. Chaillet, and E.L. Schneider (1975)
Evidence derived from sister chromatid exchanges of
restricted rejoining of chromatid subunits, Nature,
256, 642-644.
Tice, R.R., J.R. Chaillet, and E.L. Scheider (1976)
Demonstration of spontaneous sister chromatid exchanges
in vivo, Exp. Cell Res., 102, 426-429.
Tobey, R.A. (1972) Arrest of Chinese hamster cells in
G2 following treatment with the antitumor drug bleomycin,
J. Cell Physiol., 79, 259-266.
Tolomach, L.J., and R.W. Jones (1977) Dependence of the
rate of DNA synthesis in X-irradiated HeLa S3 cells on
dose and time after exposure, Rad. Res., 69, 117—133-
Tomasz, M. (1970) Novel assay for 7-alkylation of guanine
residues in DNA application to nitrogen mustard, tri-
ethylenemelamine, and mitomycin C, Biochim. Biophys.
Acta, 2_U, 288-295.
Ueda, N., H. Uenaka, T. Akematsu, and T. Sugi^ama (1976)
Parallel distribution of sister chromatid exchanges and
chromosomal aberrations, Nature, 262, 581-583.
Umezawa, H. (1975) Bleomycin in Corcoran, J.W., and
F.E. Hahn, eds. ."Antibiotics" V.3. Springer-Verlag,
Heidelberg, 1975 (pp. 21-33).
van Kesteren-van Leeuwen, A.C., and A.T. Natarajan (1980)
Localization of 7,12-dimethylbanz[a]anthracene induced
chromatid breaks and sister chromatid exchanges in
chromosomes 1 and 2 of bone marrow cells of rat in vivo,
Chromosoma, 8l_, 473-481 .
Vig, B.K.,and R. Lewis (1978) Genetic toxicology of
bleomycin, Mutation Research, 55., 121-145.
-119-
Vogel, W., and T Bauknecht (1976) Differential chromatid
staining "by in vivo treatment as mutagenicity test system,
Nature, 260,~T48-449.
Weinstein, I.B., A.M. Jeffrey, K.W. Jeanette, S.H. Blobstein,
R.G. Harvey, C. Harris, H. Autrup, H. Kasai, and K. Nakanishi
(1976) Banzo[a]pyrene diol epoxides as intermediates in
nucleic acid binding in vitro and in vivo, Science, 193.
592-595.
Westra, J.G., E. Kreik, and H. Hittenhausen (1976) Identifi¬
cation of the persistently bound form of the carcinogen
N-acetyl-2-aminofluorene to rat liver DNA in vivo,
Chem. Biol. Interactions _1_5> 149-164.
Whitehouse, H.L.K. (1963) A theory of crossing-over by means
of hybrid deoxyribonucleic acid, Nature, 199, 1034-1040.
Wolff, S. (1969) The splitting of human chromosomes into
chromatids in the absence of either DNA or protein synthesis,
Mutation Research, 8, 207-214.
Wolff, S. (1972) The repair of X-ray induced chromosome aber¬
rations in stimulated and unstimulated human lymphocytes,
Mutation Research, 15, 435-444.
Wolff, S. (1977) Chromosome effects induced by low levels of
mutagens in Castellani, A., ed. "Research in Photobiology"
Plenum Press, New York, 1977 (pp. 721-733).
Wolff, S. (1978a) Chromosomal effects of mutagenic carcinogens
and the nature of the lesions leading to sister chromatid
exchange in Evans, H.J., and D.C. Lloyd, eds. "Mutagen
Induced Chromosome Damage". Edinburgh University Press,
1978 (pp. 208-215).
Wolff, S. (1978b) Relation between DNA repair, chromosome
aberrations and sister chromatid excahnges in Hanawalt, P.C.,
E.C. Friedberg, and C.F. Fox, eds. "DNA Repair Mechanisms"
Academic Press, New York, 1978 (pp. 751-760).
Wolff, S., and J.D Bodycote (1975) The induction of
chromatid deletions an accord with the breakage and re-union
hypothesis, Mutation Research, 29, 85-91•
Wolff, S., and N. Fijtman (1981) X-ray sensitization of
chromatids with unifilarly and bifilarly substituted DNA,
Mutation Research, 80, 133-140.
Wolff, S., and P;E. Perry (1974) Differential Giemsa
staining of sister chromatids and the study of sister
chromatid exchanges without autoradiography, Chromosma,
48, 341-353.
Wolff, S., and P.E. Perry (1975) Insights on chromosome
structure from sister chromatid exchange ratios and the
-120-
lack of isolabelling and heterolabelling as determined
by the Fx G- technique, Exp. Ceix Res., 93« 2q—30.
Wolff, S., and S. Takehisha (1977) Induction of sister
chromatid exchanges in mammalian cells by low concentrations
of mutagenic carcinogens that require metabolic activation
as well as those that do not in Scott, D., B. Bridges, F.H.
Sobels, eds. "Progress in Toxicology". Elsevier/North
Holland Biomedical Press, Amsterdam (pp. 193-200).
Wolff, S., J.D. Bodycote, and R.B. Painter (1974) Sister
chromatid exchanges induced in Chinese hamster cells by
UV irradiation of different stages of the cell cycle: the
necessity of cells to pass through S, Mutation Research,
25, 73-81.
Wolff, S. B. Rodin, and J.E. Cleaver (1977) Sister chromatid
exchanges induced by mutagenic carcinogens in normal and
xerderma pigmentosum cells, Nature, 265, 347-349.
Yu, C.W., and D.S. Borganonkar (1977) Normal rate of sister
chromatid exchange in Down's syndrome, Clin. Genet., 11,
397-401 .
Zacest, R., and J. Koch-Weser (1972) Relation of hydralazine
plasma concentration to dosage and hypotensive action,
Clin. Pharm. Ther., 13» 420-425.
Zakharov, A.F., and N.A. Egolina (1972) Differential
spiralization along mitotic chromosomes.I. BUdR-revealed
differentiation in Chinese hamster chromosomes, Chromosoma,
38, 341-365.
Zakharov, A.F., L.I. Baranovskaya, A.I. Ibraimov, V.A. Benjusch,
V.S. Deminteva, and N.G. Oblapenko (1974) Differential
spiralization along mammalian chromosomes.il. 5-bromo-
deoxyuridine and 5-bromodeoxycytidine-related differentiation
in human chromosomes, Chromosoma, 44, 343-359.
-121-
APPENDIX
Cavaglia, A.M.V. (1980) In vitro induction of sister
chromatid exchanges in human peripheral lymphocytes
by hydralazine, Mutation Research, 77, 383-385.
-122-
